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Abstract	  	  An	   improved	   understanding	   of	   the	   fluorescent	   excited	   states	   of	   chlorophyll	   in	  Photosystem	  II	  (PSII)	   is	  needed	  for	  several	  aspects	  of	  photosynthesis	  research.	  This	  thesis	  describes	  an	  investigation	  into	  these	  excited	  states,	  carried	  out	  using	  circularly	   polarised	   luminescence	   (CPL)	   spectroscopy.	   The	   CPL	   signal	   of	  photosynthetic	  proteins	  arises	  due	   to	  exciton	   interactions	  between	  chlorophyll	  molecules	  within	  the	  enzyme,	   in	  a	  similar	  manner	  to	  the	  better-­‐known	  circular	  dichroism	  (CD)	   technique.	  Measurements	  were	  carried	  out	  at	   low	  temperature	  on	  purified	  preparations	  of	  the	  PSII	  core	  complex	  and	  two	  of	  its	  substituents,	  the	  proximal	  antenna	  proteins	  CP43	  and	  CP47.	  	  	  Development	  of	  the	  low-­‐temperature	  CPL	  measurement	  technique	  was	  a	  major	  part	  of	   the	  work.	  This	  was	  necessary	  to	  demonstrate	  that	  polarisation	  artifacts	  were	  small,	  and	  hence	  to	  ensure	  that	  circular	  polarisation	  was	  measureable	  with	  the	  required	  precision	  (within	  1	  part	  in	  104).	  	  	  The	   utility	   of	   temperature-­‐dependent	   CPL	   measurements	   in	   the	   range	   of	   2–120	  K	  was	   demonstrated	   on	   the	   already	  well-­‐characterised	   CP43	   protein.	   The	  lowest-­‐energy	   excited	   states	  of	   this	  protein	  have	  negative	  CPL,	  which	  matches	  their	   exciton	  CD	  as	   expected.	  This	   result	   does	  not	   require	   any	   change	   to	  prior	  assignments	  of	  the	  low-­‐energy	  states	  of	  CP43.	  	  There	  are	  significant	  open	  questions	  regarding	   the	   lowest-­‐energy	  excited	  state	  of	  the	  CP47	  protein.	  Careful	  measurements	  on	  this	  protein	  reveal	  a	  positive	  CPL	  signal	  for	  this	  state	  (wavelength	  ≥690	  nm),	  which	  also	  matches	  its	  CD	  spectrum.	  Using	  structure-­‐based	  exciton	  calculations,	  it	  is	  proposed	  that	  the	  lowest	  state	  of	  CP47	   is	  most	   likely	   located	  on	  Chlorophyll	   612.	  This	   is	   a	   significant	  departure	  from	  the	  previous	  assignment	  of	  Chlorophyll	  627.	  	  	  Measurements	  on	  intact	  PSII	  core	  complexes	  confirm	  that	  the	  same	  low-­‐energy	  state	  is	  present	  in	  these	  complexes	  as	  in	  CP47,	  resulting	  in	  a	  new	  assignment	  for	  the	   well-­‐known	   F695	   fluorescence	   band.	   The	   new	   assignment	   is	   found	   to	   be	  consistent	  with	  many	  aspects	  of	  the	  published	  PSII	  literature.	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Chapter	  1:	  	   Introduction	  	  	  Photosystem	  II	  is	  the	  enzyme	  responsible	  for	  practically	  all	  life	  on	  Earth.	  Several	  enzymes	  could	  be	  described	  as	  being	  essential	  for	  life,	  but	  photosystem	  II	  (PSII)	  has	  undoubtedly	  had	  the	  most	  profound	  impact	  on	  the	  history	  of	  the	  planet.	  The	  function	  of	  PSII	   is	   to	  oxidise	   two	  water	  molecules	  and	  reduce	  a	  plastoquinone,	  using	  light	  energy	  absorbed	  by	  pigments	  within	  the	  enzyme,	  with	  the	  incidental	  formation	  of	  molecular	  oxygen	  (O2)	  as	  a	  by-­‐product.1	  This	  is	  the	  first	  step	  in	  the	  long	   series	   of	   reactions	   known	   as	   oxygenic	   photosynthesis.	   The	   electrons	   and	  protons	   extracted	   from	  water	   by	   PSII	   are	   used	   to	   reduce	   atmospheric	   carbon	  dioxide,	  enabling	  photosynthetic	  organisms	  to	  synthesise	  the	  organic	  molecules	  upon	  which	  virtually	  all	  biology	  is	  built.2	  	  	  Early	  versions	  of	  PSII	  (which	  has	  changed	  very	  little	  since	  its	  evolution3)	  altered	  the	  Earth	  forever	  by	  producing	  enough	  O2	  to	  effectively	  oxidise	  the	  surface	  of	  the	  planet.	  The	  period	  known	  as	   the	   “great	  oxidation	  event”	  occurred	  between	  2.5	  and	  2.2	  billion	  years	  ago,	  after	  which	   the	  atmospheric	  concentration	  of	  oxygen	  gas	  rose	  steadily,	  from	  near	  zero	  to	  its	  present-­‐day	  levels.4	  Today,	  the	  products	  of	  ancient	  photosynthesis	  are	  collected	   in	   the	   form	  of	   fossil	   fuels.	  The	  ultimate	  use	  of	   these	   fuels	   is	  usually	   combustion,	  which	   reverses	   the	   capture	  of	   energy	  and	  CO2.	  The	  mixed	  results	  of	  this	  large-­‐scale	  practice	  are	  well	  documented.5,6	  	  The	   effort	   to	   understand	   the	   photosynthetic	   process	   is	   one	   of	   the	   oldest	   and	  most	   active	   fields	   of	   the	  modern	   scientific	   era.7	   Although	  much	   of	   the	   overall	  process	   is	   now	   well	   understood,	   the	   precise	   mechanisms	   of	   many	  photosynthetic	   reactions	   remain	   unknown	   from	   a	   biophysical	   chemistry	  perspective.	   Some	  of	   the	  most	   important	  questions	   involve	  PSII,	   and	   the	  work	  described	  in	  this	  thesis	  is	  a	  contribution	  to	  this	  field.	  	   	  
	  2	  
1.1	   Overview	  of	  Photosystem	  II	  
	  
1.1.1.	  	  	  Location	  and	  structure	  of	  PSII	  	  The	  light-­‐dependent	  reactions	  (or	  simply	  the	  “light	  reactions”)	  of	  photosynthesis	  occur	  in	  the	  thylakoid	  membrane,	  which	  is	  located	  in	  the	  chloroplasts	  of	  higher	  plants	   and	   inside	   the	   cytoplasmic	   membrane	   of	   prokaryotic	   cyanobacteria.2	  Within	   these	   membranes	   along	   with	   PSII	   are	   other	   trans-­‐membrane	   proteins	  including	   photosystem	   I	   (PSI),	   and	   enzymes	   responsible	   for	   the	   formation	   of	  adenosine	   triphosphate	   (ATP)	   and	   reduction	   of	   nicotinamide	   adenine	  dinucleotide	  phosphate	  (NADP+)	   to	  NADPH.8	  A	  schematic	  of	   the	  processes	   that	  occur	   in	   the	   membrane	   is	   shown	   in	   Figure	   1.1.	   As	   with	   many	   aspects	   of	  photosynthesis,	   a	   comprehensive	   introduction	   to	   the	   light	   reactions	   can	   be	  found	  in	  the	  ‘Advances	  in	  Photosynthesis	  and	  Respiration’	  textbook	  series.8	  Here	  they	  are	  shown	  for	  context;	  the	  focus	  henceforth	  is	  entirely	  on	  PSII.	  
Figure	  1.1:	  Schematic	  cross-­‐section	  of	  the	  thylakoid	  membrane	  within	  the	  chloroplast	  of	  higher	  plants.	  PSII	  oxidises	  water	  to	  reduce	  plastoquinone	  (PQ)	  to	  PQH2.	  The	  electrons	  are	  transferred	  to	  PSI	   via	   cytochrome	  b6f	   and	  plastocyanin,	   then	  used	   to	   reduce	  NADP	   to	  NADPH.	  The	  proton	  gradient	   generated	   across	   the	  membrane	   is	   used	   to	   drive	   the	   synthesis	   of	   ATP.	   Adapted	   from	  Blankenship.2	  	  	  Not	   shown	   explicitly	   in	   Figure	   1.1	   is	   the	   external	   light-­‐harvesting	   system	  associated	   with	   the	   photosystems.	   Unlike	   PSII	   itself,	   the	   light-­‐harvesting	  apparatus	  has	  large	  evolutionary	  diversity.	  In	  the	  cyanobacteria,	  this	  function	  is	  performed	   by	   phycobilisomes	   which	   are	   external	   to	   the	   thylakoid	   membrane	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and	  bind	  phycobilins	  as	  the	  main	  light-­‐absorbing	  pigment.9	  In	  higher	  plants,	  the	  extrinsic	   light-­‐harvesting	   system	   is	   incorporated	   in	   the	   thylakoid	   membrane,	  and	   consists	   of	   several	   closely-­‐related	   proteins	   which	   use	   chlorophyll	   and	  carotenoid	  pigments;10	  these	  proteins	  are	  often	  referred	  to	  generically	  as	  light-­‐harvesting	  complexes	  (LHCs).	  PSII	  preparations	  of	  various	  sizes	  can	  be	  isolated	  from	   the	   thylakoid	  membrane	  with	   different	   numbers	   of	   associated	   LHCs	   still	  attached.11	   In	   this	  work,	   the	   focus	   is	  on	   the	  PSII	   core	  complex,	  and	   its	   isolated	  subunits.	  	  	  The	   core	   complex,	  which	   has	   all	   extrinsic	   LHCs	   removed,	   binds	   a	   total	   of	  ~35	  chlorophyll	   a	   and	   two	   pheophytin	   a	   pigments.	   The	   core	   is	   the	   smallest	   PSII	  assembly	   capable	   of	   oxidising	   water	   and	   producing	   O2,	   and	   exists	   in	   the	  thylakoid	   membrane	   mainly	   in	   dimeric	   form.12	   At	   its	   centre,	   each	   monomer	  contains	   two	   proteins,	   named	   D1	   and	   D2,	   which	   are	   known	   as	   the	   reaction	  centre	  proteins	  because	  they	  bind	  the	  cofactors	  responsible	  for	  photochemistry.	  Either	   side	  of	   the	   reaction	   centre	  are	   the	   core	   (or	  proximal)	   antenna	  proteins,	  known	  as	  CP43	  and	  CP47.	  Their	  primary	  functions	  are	  light	  harvesting,	  but	  they	  are	  also	  essential	  for	  stabilising	  the	  reaction	  centre.	  	  	  Purified	   PSII	   dimers	   from	   thermophilic	   cyanobacteria	   have	   been	   crystallised	  sufficiently	   well	   to	   enable	   structural	   analysis	   by	   X-­‐ray	   diffraction.13-­‐16	   The	  structures	  reveal	  the	  location	  of	  the	  membrane-­‐spanning	  protein	  helices,	  and	  of	  the	  various	   light-­‐harvesting	  and	  electron	   transport	  cofactors	   that	  are	  bound	   in	  the	  protein	  scaffold.	  Figure	  1.2	  shows	  the	  main	  proteins	  of	  the	  PSII	  core	  complex,	  with	  their	  secondary	  structure	  rendered	  in	  cartoon	  form	  from	  the	  recent	  crystal	  structure	  of	  Umena	  et	  al.,16	  which	  has	  resolution	  of	  1.9	  Å.	  




Figure	   1.2:	   	   One	   monomer	   of	   the	  PSII	   core	   complex.	   The	  membrane-­‐spanning	   alpha	   helices	   of	   the	   four	  main	   chlorophyll-­‐binding	   proteins	  are	   shown	   in	   cartoon	   form,	  coloured	  and	  labelled.†	  	  Fifteen	   smaller,	   peripheral	   protein	  sub-­‐units	   in	  the	  structure	  are	  grey/	  transparent.	   Chlorophyll	   molecules	  are	  shown	  in	  green.	  	  	  Most	  of	  the	  chlorophyll	  a	  molecules	  (or	  Chls)	   in	  the	  PSII	  core	  are	  bound	  to	  the	  protein	  scaffold	  by	  histidine	  residues;	  histidine	  can	  act	  as	  an	  axial	  ligand	  to	  the	  central	   magnesium	   atom	   of	   the	   pigment.	   One	   Chl	   is	   ligated	   by	   an	   asparagine	  residue,	   and	   seven	   only	   by	   water	   molecules.16	   Each	   chlorophyll	   is	   assigned	   a	  number	   in	   the	   crystal	   structure;	   unfortunately	   different	   numbering	   systems	  have	  been	  used	  in	  different	  published	  structures.14-­‐16	  The	  numbering	  of	  Umena	  et	   al.16	   is	   used	   throughout	   this	  work.	  A	   table	   showing	   the	   translation	  between	  different	  numbering	  systems	  is	  given	  at	  the	  end	  of	  the	  thesis	  in	  Appendix	  D.	  	  
1.1.2.	  	  	  Function	  of	  PSII	  	  Figure	   1.3	   shows	   the	   same	   structure	   as	   Figure	   1.2,	  with	   the	  protein	   backbone	  made	   transparent,	   to	  reveal	   the	  most	   important	  cofactors	  of	  PSII	   function.	  The	  arrows	  provide	  a	  representation	  of	  the	  primary	  electron	  transport	  pathway.	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  †	  Crystal	  structure	  figures	  in	  this	  thesis	  were	  rendered	  from	  the	  Umena	  structure	  (ref.	  16)	  using	  open-­‐source	  Pymol	  software	  (www.pymol.org).	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Figure	   1.3:	   The	   PSII	   core	   complex,	   rendered	   from	   the	   crystal	   structure16	   with	   the	   trans-­‐membrane	  helices	  of	  the	  protein	  partially	  transparent.	  The	  clustered	  chlorophyll	  pigments	  of	  the	  proximal	  antenna	  proteins,	  CP43	  and	  CP47,	  are	  in	  green;	  all	  phytyl	  tails	  are	  removed	  for	  clarity.	  Numbers	   and	   arrows	   describe	   the	   direction	   of	   electron	   transport,	   but	   do	   not	   reflect	   the	  chronological	   order	   of	   all	   electron	   transfer	   events.	   Faded	   arrows	   represent	   back-­‐transfer/recombination.	  Cofactors	  of	  the	  primary	  electron	  transport	  chain	  in	  the	  reaction	  centre	  are	  numbered	  as	  follows:	  1:	  The	  Mn4O5Ca	  oxygen	  evolving	  cluster	  (OEC);	  2:	  The	  redox	  active	  tyrosine	  residue	  TyrZ;	  3:	  The	  chlorophyll	   ChlD1	  where	   the	   primary	   (initial)	   electron	   donor	   P680*	   is	   thought	   to	   be	   primarily	  located;	  4:	  The	  pheophytin	  PheoD1,	  which	  is	  the	  primary	  electron	  acceptor;	  5:	  The	  plastoquinone	  QA,	   which	   transfers	   the	   electron	   further	   to	   QB	   (not	   shown).	   The	   +	   sign	   indicates	   PD1,	   the	  chlorophyll	  on	  which	  the	  P680+	  cation	   localises	  after	   initial	  charge	  separation.	  Cofactors	  of	   the	  D2	  branch,	  which	  are	  not	  directly	  involved	  in	  the	  primary	  electron	  transport	  chain,	  are	  labelled	  by	  name.	  	  As	   shown	   in	  Figure	  1.3,	  most	  of	   the	   chlorophyll	  molecules	   in	   the	  PSII	   core	  are	  bound	  to	  the	  proximal	  antenna	  proteins.	  CP43	  binds	  13	  chlorophylls	  (Chls)	  and	  CP47	   binds	   16.	   The	   primary	   function	   of	   these	   proteins	   is	   light	   harvesting;	   the	  excitation	  energy	  they	  absorb	   is	   transferred	  rapidly	  between	  the	  different	  Chls	  of	  the	  core,	  and	  when	  it	  arrives	  at	  the	  reaction	  centre	  it	  can	  be	  used	  to	  perform	  photochemistry.	   In	   higher	   plants,	   the	   core	   antennas	   also	   function	   to	   transfer	  energy	   from	  the	  outer	  (or	  extrinsic)	   light-­‐harvesting	  complexes	   to	   the	  reaction	  centre.12	  	  	  The	   reaction	  centre	   contains	  at	   least	  one	  chlorophyll	  bound	   to	   the	  D1	  protein,	  which	   upon	   excitation	   rapidly	   transfers	   an	   electron	   to	   a	   pheophytin	  molecule	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(PheoD1;	   labelled	   4	   in	   Figure	   1.3).	   The	   initial	   (or	   primary)	   electron	   donor	  was	  traditionally	  labelled	  P680*	  and	  is	  most	  likely	  located	  on	  the	  pigment	  known	  as	  ChlD1	   (labelled	   3).17	   However	   it	   has	   recently	   been	   shown	   that	   at	   least	   one	  additional	   excited	   state,	   likely	   located	   on	   the	   PD1-­‐PD2	   dimer,	   can	   also	   initiate	  charge	   separation.18,19	   From	   PheoD1	   the	   electron	   is	   transferred	   further	   to	   the	  plastoquinone	  QA	  (labelled	  5)	  and	  then	  on	  to	  the	  mobile	  plastoquinone	  QB,	  which	  ultimately	   leaves	   the	   complex	   as	   QBH2	   (not	   shown	   in	   Figure	   1.3;	   PQ	   in	  Figure	  1.1).	   Meanwhile,	   the	   resulting	   cation	   is	   localised	   on	   the	   chlorophyll	  known	  as	  PD1	  (+	  in	  Figure	  1.3).20	  This	  species	  is	  the	  strongest	  oxidant	  in	  biology.	  It	   is	   traditionally	   known	   as	   P680+	   because	   the	   room	   temperature	   absorption	  spectrum	  of	   PSII	   shows	   a	   bleach	   at	   680	  nm	  when	   this	   species	   is	   present.	   It	   is	  sometimes	   referred	   to	   as	   P+	   to	   avoid	   confusion,	   because	  P680*	   and	  P680+	   are	  now	  understood	  to	  have	  different	  identities.20	  During	  normal	  PSII	  operation,	  P+	  extracts	  an	  electron	  from	  the	  Mn4O5Ca	  oxygen	  evolving	  cluster	  (OEC,	  labelled	  1)	  via	  a	  redox-­‐active	  tyrosine	  residue	  of	  the	  D1	  protein	  (labelled	  2).	  The	  repetition	  of	  this	  process	  is	  the	  well-­‐known	  S-­‐state	  cycle.	  After	  its	  fourth	  oxidation	  the	  OEC	  removes	  four	  electrons	  from	  two	  bound	  water	  molecules,	  with	  the	  concomitant	  formation	   of	   an	   O2	   molecule	   and	   release	   of	   four	   protons	   into	   the	   thylakoid	  lumen.1	  	  	  
1.1.3.	  	  	  Open	  questions	  in	  PSII:	  Reconciling	  structure,	  function	  and	  spectroscopy	  	  One	   major	   open	   question	   in	   PSII	   is	   the	   mechanism	   of	   the	   oxygen	   evolution	  reaction.	   The	   structure	   and	   mechanism	   of	   the	   OEC	   remain	   under	   intensive	  study21-­‐23	  due	   to	   its	  obvious	   importance	   in	  water	   splitting	  catalysis,	  which	   is	  a	  large	  challenge	  in	  the	  field	  of	  artificial	  photosynthesis.24	  The	  OEC	  question	  is	  not	  of	  major	   interest	   in	   this	  work.	   The	   focus	   lies	   elsewhere	   in	   the	   reaction	   centre	  and,	  particularly,	  on	  the	  proximal	  antenna	  proteins,	  which	  are	  important	  for	  the	  two	  other	  main	  research	  areas	  outlined	  below.	  	  	  A	   second	   research	   area	   regards	   the	   precise	   kinetics	   and	   mechanism	   of	   the	  energy	  and	  electron	  transfer	  processes	  in	  the	  PSII	  core.	  These	  are	  challenging	  to	  study	  because	  individual	  pigments	  cannot	  in	  general	  be	  excited	  selectively;	  upon	  excitation	  of	  PSII	  multiple	  events	  occur	  on	  similar	  time	  scales,	  often	  with	  similar	  spectroscopic	   signatures.	   In	   particular,	   energy	   transfer	   between	   the	   pigment	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pools	  of	  the	  antenna	  and	  reaction	  centre	  proteins	  occurs	  on	  a	  similar	  timeframe	  (<0.5	  ns)	  as	  primary	  electron	  transfer.	  Very	  different	  interpretations	  exist	  of	  the	  observed	  kinetics;	   the	   rate-­‐limiting	   step	   is	   suggested	  by	  different	  groups	   to	  be	  either	   charge	   separation	   (‘trap	   limited’	   model)25	   or	   energy	   transfer	   from	   the	  proximal	   antennas	   to	   the	   reaction	   centre	   (transfer-­‐to-­‐the-­‐trap	   limited).26	   As	  such,	   the	  mechanism	   (or	  mechanisms19)	   of	   the	   primary	   electron	   transfer,	   and	  the	  events	   that	   lead	   to	   the	   formation	  of	   the	  powerful	  oxidant	  P+,	  are	  questions	  that	  are	  intrinsically	  linked	  to	  the	  nature	  of	  energy	  transfer	  within	  the	  PSII	  core	  complex.	  This	  has	  been	  very	  well	  summarised	  in	  recent	  reviews.11,27,28	  	  A	  third	  major	  research	  topic	  centres	  around	  the	  response	  of	  PSII	  to	  light	  stress,	  which	  generally	  occurs	  when	  the	  rate	  of	  electron	  transport	  cannot	  keep	  up	  with	  the	   rate	   of	   photon	   absorption	   under	   conditions	   of	   strong	   light.	   If	   the	   usual	  electron	  transport	  chain	   is	  not	  available,	   the	  strong	  oxidant	  P+	  can	  damage	  the	  D1	  protein	  by	  oxidising	   it	  at	  uncontrolled	   locations.29	  Under	  such	  conditions,	  a	  diverse	   range	  of	   processes	   are	   triggered	  which	   limit	   the	   frequency	  of	   reaction	  centre	   excitation	   and	   alleviate	   the	   resulting	   oxidative	  damage.30	   These	   include	  the	   rearrangement	   of	   extrinsic	   light-­‐harvesting	   antenna	   complexes	   (LHCs)	   to	  regulate	   energy	   flow,	   and	   the	   formation	   of	   various	   quenching	   centres,	   which	  dissipate	  excitation	  energy	  as	  heat	  energy.31	  The	  results	  of	  these	  processes	  cause	  the	  overall	  fluorescence	  yield	  of	  living	  leaves	  to	  vary	  dramatically	  in	  response	  to	  strong	   light.32	   This	   fluorescence	   induction	   provides	   a	   powerful,	   non-­‐intrusive	  means	  to	  analyse	  the	  yields	  of	  photosynthetic	  processes	  in	  plants	  in	  the	  field.33	  Although	   the	   fluorescence	   induction	   is	  widely	   utilised,	   the	  mechanisms	   of	   the	  numerous	  processes	  that	  drive	  it	  are	  still	  debated.	  The	  body	  of	  literature	  for	  this	  complex	   topic	   is	   large	   and	   can	   be	   bewildering,34	   but	   relatively	   concise,	   recent	  reviews	  are	  available.33,35	  	  	  Both	   the	   latter	   two	   topics	   would	   benefit	   from	   an	   improved	   understanding	   of	  energy	  transfer	  within	  the	  PSII	  antenna	  system,	  and	  in	  particular	  the	  PSII	  core.36	  The	   rate	   of	   energy	   transfer	   between	   pigments	   depends	   on	   their	   relative	  locations	   and	   orientations,	   and	   on	   the	   energies	   of	   their	   respective	   absorption	  and	  emission	   transitions.37	  Depending	  on	   the	   local	  environment,	   the	   transition	  energy	   can	   vary	   significantly	   for	   different	   pigments	   within	   the	   protein	   (more	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accurately,	   for	  different	   excited	   states—see	   section	  1.3).	   The	   location	  of	   states	  with	  low	  transition	  energy	  is	  likely	  to	  have	  a	  significant	  effect	  on	  light	  harvesting	  dynamics	   because	   energy	   tends	   to	   transfer	   ‘downhill’	   due	   to	   (pseudo-­‐)	  Boltzmann	   equilibration38	   of	   the	   excited	   state.37,39	   Therefore	   a	   good	  understanding	   of	   the	   energy	   transfer	   behaviour	   is	   reliant,	   in	   turn,	   on	   an	  understanding	  of	  the	  low	  energy	  excited	  states.	  	  A	   powerful	  method	   to	   determine	   the	   location	   of	   low	   energy	   states	   in	   the	   PSII	  complexes	   is	   to	   calculate	   spectra	   of	   these	   complexes	   using	   the	   structures	  revealed	  by	  crystallography.28,40	  The	  main	   limitation	  of	   this	  method	   is	   that	   the	  individual	   transition	   energies	   (or	   ‘site	   energies’)	   for	   each	   pigment	   are	  fundamental	   to	   the	   calculation,	   but	   these	   cannot	   be	   measured	   and	   must	   be	  assumed.	   Comparison	   of	   calculations	  with	  measurements	   then	   provides	   a	   test	  for	  the	  accuracy	  of	  the	  assumed	  site	  energies.	  This	  method	  is	  used,	  at	  a	  relatively	  low	   level	  of	   theory,	   to	  analyse	   the	  results	   in	   this	  work;	   the	   theory	  and	  method	  are	   detailed	   in	   sections	   1.3	   and	   2.1	   respectively.	   For	   steady-­‐state	   spectra,	   low	  temperature	  experimental	  results	  are	  the	  most	  informative—the	  lack	  of	  thermal	  energy	  means	  that	  the	  low	  energy	  region	  of	  these	  spectra	  is	  due	  only	  to	  the	  low-­‐energy	  pigments,	  without	   overlap	   from	   thermally-­‐excited	   higher	   energy	   states	  (“hot-­‐bands”).41	  	  	  In	  the	  15	  years	  since	  the	  first	  X-­‐ray	  structure	  of	  PSII,13	  several	  structure-­‐based	  calculations	  have	  been	  carried	  out	  to	  model	  the	  optical	  spectroscopy	  of	  the	  PSII	  core	  and	  its	  subunits.17,39,40,42-­‐46	  Each	  study	   incorporated	  some	  or	  all	  of	  steady-­‐state	   absorption,	   fluorescence,	   circular	   dichroism	   (CD)	   and	   linear	   dichroism	  (LD)	   spectra,	   as	  well	   as	   time-­‐resolved	  data	  and	  hole-­‐burning	   (see	   section	  1.3).	  Despite	  much	  success,	  these	  models	  have	  not	  provided	  a	  satisfactory	  description	  of	   the	   lowest	   excited	   states	   of	   the	  PSII	   core	   antennas.	   In	   particular	   the	   lowest	  energy	   chlorophyll	   of	   CP47,	   which	   absorbs	   and	   fluoresces	   at	   690–695	   nm,	   is	  generally	   assigned	   to	   Chl	   62746,47	   or,	   (by	   one	   group)	   to	   Chl	   624.44	   Neither	   of	  these	   assignments	   adequately	   describes	   the	   linear	   dichroism	   observed	   in	  oriented	   complexes	   in	   this	   wavelength	   range,46	   which	   means	   the	   true	   lowest	  pigment	  may	   have	   a	   different	   orientation	   to	   those	   assigned.	   Low-­‐temperature	  circular	   dichroism	   of	   CP47	   has	   not	   been	  modelled	   in	   the	   published	   literature,	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perhaps	   in	   part	   due	   to	   a	   lack	   of	   good	   quality	   spectra.39,44,46	   The	   lack	   of	   a	  consistent	  description	  for	  this	  lowest-­‐energy	  state	  of	  the	  proximal	  antenna	  is	  the	  main	  question	  this	  thesis	  attempts	  to	  address,	  and	  more	  detail	  on	  these	  issues	  is	  provided	  in	  later	  chapters.	  	  
	  
	  
1.2	   Research	  Objectives	  
	  
1.2.1.	   	  Characterise	   and	   identify	   the	   fluorescent	   states	   of	   the	   PSII	   proximal	  
antennas	  via	  low-­‐temperature	  absorption,	  CD,	  fluorescence	  and	  CPL	  spectroscopy.	  	  The	   Krausz	   laboratory	   at	   the	   Australian	   National	   University	   is	   uniquely	  equipped	   to	   study	   low-­‐temperature	   circular	   dichroism	   (CD)	   of	   photosynthetic	  complexes48	  (see	  Chapter	  2).	  Additionally,	  the	  spectrometer	  used	  for	  CD	  can	  also	  be	   used	   to	  measure	   circular	   polarisation	   of	   luminescence	   (CPL)	   as	   detailed	   in	  Chapter	  2.	  This	  provides	  a	  unique	  opportunity	  to	  achieve	  the	  goal	  stated	  in	  the	  heading	   above.	   The	   CD	   and	   CPL	   arise	   from	   exciton	   coupling	   between	  chlorophylls,	  and	  reflect	  the	  chirality	  of	  the	  absorption	  and	  emission	  transitions	  respectively;	  this	  depends	  strongly	  on	  the	  geometry	  of	  the	  interacting	  pigments	  as	   described	   below	   and	   in	   section	   1.3.	   Exciton	   CD/CPL	   theory	   in	   combination	  with	  the	  crystal	  structures	  enables	  different	  assignments	  for	  the	  lowest	  states	  to	  be	  compared	  against	  the	  experimental	  results	  (Chapters	  4–6).	  	  
1.2.2.	  	  	  CD	  and	  CPL	  of	  photosynthetic	  samples	  
	  Gareb	   &	   van	   Amerongen	   recently	   reviewed	   the	   use	   of	   circular	   dichroism	  spectroscopy	   in	  photosynthesis.49	  The	  origins	  of	  CD	   in	  photosynthetic	   samples	  can	   be	   placed	   in	   three	   overall	   categories.	   The	   first	   is	   the	   intrinsic	   molecular	  chirality	   of	   transitions	   within	   a	   single	   pigment	   (e.g.	   chlorophyll	   a).	   This	  ‘monomeric	  CD’	  is	  very	  weak	  for	  transitions	  of	  isolated	  chlorophyll	  in	  solution.50	  Secondly,	  stronger	  CD	  signals	  arise	  from	  interaction	  between	  nearby	  pigments;51	  these	   signals	   are	   known	   as	   exciton	   CD.	   In	   photosynthetic	   pigment-­‐protein	  complexes,	   exciton	   CD	   signals	   are	   typically	   1–2	   orders	   of	   magnitude	   stronger	  than	   the	   monomeric	   CD.	   The	   observed	   CD	   depends	   on	   the	   relative	   transition	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energies,	  orientations	  and	   locations	  of	   the	  pigments	   involved	   in	  the	  absorption	  transition.	   Excitonic	   CPL	   has	   the	   same	   dependence	   on	   these	   factors	   for	   the	  pigments	   involved	   in	   the	   emission	   transition—obviously,	   only	   emissive	   states	  are	  observed	  in	  the	  CPL	  spectrum.	  The	  emissive	  states	  are	  generally	  the	  lowest	  in	   energy	   (depending	   on	   the	   temperature,	   due	   to	   excited	   state	   pseudo-­‐Boltzmann	  equilibration).	   Since	   the	   locations	   and	  orientations	  of	   the	  pigments	  are	   known	   from	   the	   crystal	   structure	   with	   reasonable	   accuracy,	   the	   above	  spectroscopic	  techniques	  are	  an	  ideal	  combination	  to	  investigate	  the	  identities	  of	  the	   low	   energy	   states	   of	   PSII.	   The	   relevant	   theory	   of	   exciton	   interactions	   and	  their	  observable	  outcomes,	  including	  CD	  and	  CPL,	  is	  summarised	  in	  section	  1.3.	  The	   third	   origin	   of	   CD	   in	   photosynthetic	   preparations	   is	   chirality	   in	   the	   long-­‐range	  structure	  of	  thylakoid	  membranes,	  which	  can	  give	  rise	  to	  very	  strong	  CD	  signals.52	   These	   have	   been	   investigated	   using	   both	   CD	   and	   CPL	   at	   room	  temperature,	   and	   the	   results	   used	   to	   infer	   information	   about	   the	   overall	  thylakoid	  structure.53,54	  	  	  The	   samples	   studied	   in	   this	  work	   are	   isolated	   PSII	   cores	   (from	   spinach55	   and	  from	   the	   cyanobacterium	  Thermosynechococcus	   vulcanus16)	   and	   also	   the	   CP43	  and	   CP47	   subunits	   (which	   are	   further	   isolated	   from	   spinach	   cores,	   using	  additional	   detergent	   treatment56).	   As	   such,	   the	   complexes	   are	   in	   isotropic	  solutions	  and	  no	  long-­‐range	  optical	  activity	  is	  observed.	  The	  CD	  and	  CPL	  spectra	  are	  therefore	  dominated	  by	  exciton	  interactions.	  	  	  
1.2.3.	  	  	  Additional	  questions	  and	  structure	  of	  thesis	  	  	  After	  this	  section,	   the	  remainder	  of	  Chapter	  1	   introduces	  the	  relevant	  concepts	  needed	   to	   analyse	   exciton	  CD	  and	  CPL	   spectra.	  These	   concepts	   can	  be	  used	   to	  calculate	   the	   spectra	   under	   given	   assumptions	   about	   the	   transition	   energy	   of	  different	   pigments;	   the	   combination	   of	   calculation	   and	   measurement	   can	  therefore	  test	  these	  assumptions	  as	  mentioned	  already.	  The	  calculation	  method	  is	  demonstrated	  in	  the	  first	  part	  of	  Chapter	  2.	  In	  the	  second	  part	  of	  Chapter	  2,	  the	  theory	   and	   practice	   of	   CD	   and	   CPL	  measurements	   are	   introduced,	   along	   with	  important	  protocols	  for	  sample	  preparation	  that	  are	  necessary	  in	  order	  to	  obtain	  reliable,	  reproducible	  spectra.	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There	   are	   significant	   questions	   over	   some	   low-­‐temperature	   circular	   dichroism	  spectra	   in	   the	   PSII	   literature,	   which	   are	   often	   strongly	   non-­‐conservative46,57,58	  (meaning	   their	   integral	  deviates	  significantly	   from	  zero).	  Exciton	  CD	  should	  be	  conservative	  as	  discussed	  in	  section	  1.3.	  Possible	  reasons	  for	  such	  discrepancies	  (which	  almost	  invariably	  are	  far	  weaker	  when	  using	  CD	  protocols	  of	  the	  Krausz	  laboratory)	  are	  discussed	  in	  the	  first	  part	  of	  Chapter	  3.	  	  Although	   the	   basic	   theory	   and	   instrumentation	   are	   very	   similar	   to	   CD,	   the	  technique	  of	  CPL	  has	  not	  been	  very	  widely	  used.	  This	  has	  largely	  been	  due	  to	  the	  lack	   of	   commercial	   instruments,	  which	   have	   only	   recently	   become	   available.59	  Another	   reason	   for	   the	   limited	   use	   of	   CPL	   is	   that	   polarisation	   artifacts	   are	  common,	   and	   these	   can	   be	   difficult	   to	   detect	   and	   eliminate.60,61	   This	   is	  particularly	  true	  of	  solid-­‐state	  CPL,62	  and	  to	  my	  knowledge	  this	  work	  is	  the	  first	  attempt	  to	  measure	  relatively	  weak	  (<1%)	  circular	  polarisation	  of	  luminescence	  from	   pigment-­‐protein	   complexes	   in	   frozen	   solution.	   Therefore,	   some	  measurement-­‐related	   challenges	   are	   to	   be	   expected	   and	   these	   were	   duly	  encountered;	  a	  lengthy	  battle	  with	  CPL	  artifacts	  ensued	  and	  is	  recounted	  in	  the	  second	  part	  of	  Chapter	  3.	  	  The	   low-­‐energy	  states	  of	   the	   isolated	  CP43	  proximal	  antenna	  give	  well-­‐known,	  reliable,	   and	   relatively	   uncontroversial	   spectroscopic	   results.63,64	   These	   results	  include	  relatively	  strong	  exciton	  CD	  signals65	  and	  very	  small	  Stokes	  shifts	  in	  the	  fluorescence	  spectrum.66	  The	  CPL	  of	  such	  a	  system	  is	  quite	  predictable	  if	  certain	  expectations	   are	   met,	   namely	   that	   the	   measurement	   is	   relatively	   artifact-­‐free,	  and	   that	   the	   absorbing	   and	   emitting	   states	   are	   very	   similar	   (section	  1.3).	   This	  makes	  CP43	  samples	  an	  excellent	  case	  to	  test	  and	  develop	  the	  low-­‐temperature	  CPL	   technique.	   The	   CP43	   protein	   is	   further	   discussed,	   and	   measurements	   on	  CP43	  samples	  are	  presented	  and	  analysed,	  in	  Chapter	  4.	  	  In	   the	   case	   of	   the	   isolated	   CP47	   antenna,	   the	   low-­‐temperature	   fluorescence	  spectrum	   itself	   is	   under	   debate.	   The	   spectrum	   peaks	   at	   ~691	   nm	   in	   most	  literature,	  but	  it	  has	  been	  suggested	  that	  the	  lowest	  excited	  state	  of	  the	  complex	  is	  very	   fragile,	  and	   therefore	  easily	  damaged.67	   It	  was	   therefore	  suggested	   that	  the	   nominally	   second-­‐lowest	   state	   (or	   a	  modified	   lowest	   state)	  makes	   a	   large	  contribution	  to	  most	  literature	  fluorescence	  spectra,	  and	  that	  emission	  of	  ‘intact’	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CP47	   peaks	   at	   695	   nm.67	  However	   the	   description	   of	   intact	   CP47	   complexes44	  does	  not	  appear	  to	  be	  consistent	  with	  observed	  CD	  or	  LD	  of	  CP47.46	  The	  question	  of	  which	  fluorescence	  spectrum	  reflects	  ‘intact’	  CP47	  is	  relevant	  to	  the	  primary	  goal	  stated	  in	  section	  1.2.1.	  In	  the	  first	  part	  of	  Chapter	  5	  the	  literature	  on	  CP47	  fluorescence	  is	  introduced	  more	  fully	  and	  an	  attempt	  to	  address	  this	  question	  is	  detailed.	   In	   the	   second	   part	   of	   Chapter	   5,	   the	   results	   of	   CD	   and	   CPL	  measurements	   on	   CP47	   are	   presented.	   The	   results	   are	   analysed	   using	   exciton	  theory,	  and	  a	  new	  assignment	  for	  the	  lowest	  energy	  state	  is	  proposed.	  	  	  The	   fluorescence	  of	   the	   intact	  PSII	   core	  poses	  another,	   related	  question.	   It	  has	  been	  considered	  for	  some	  time	  that	  steady-­‐state	  fluorescence	  from	  cores	  at	  low	  temperature	   arises	   almost	   entirely	   from	   the	   proximal	   antenna	   complexes.68,69	  However	   the	   fluorescence	   spectrum	   is	   quite	   different	   to	   the	   sum	   of	   CP43	   and	  CP47	  spectra	  (particularly	  in	  its	  wavelength	  and	  temperature	  dependence),	  and	  very	   recently	   an	   older	   assignment	   involving	   significant	   fluorescence	   from	   the	  reaction	   centre	   has	   been	   revived.70	   The	   presence	   of	   the	   reaction	   centre	   in	   the	  intact	   core	   complicates	   the	   interpretation	   of	   fluorescence	   spectra,	   because	  multiple	  photochemical	  processes	  occur	  that	  can	  greatly	  affect	   the	  steady-­‐state	  fluorescence.71	   These	   processes	   give	   rise	   to	   dramatic	   dependence	   of	   the	  fluorescence	  on	   temperature	  and	  also	  on	   the	  amount	  of	   absorbed	   light	   energy	  (referred	   to	   as	   fluence-­‐dependence).	   The	   dependence	   of	   the	   PSII	   core	   fluore-­‐scence	  spectrum	  on	  these	  factors	  is	  investigated	  in	  the	  first	  part	  of	  Chapter	  6.	  	  Comparing	   the	   circular	   polarisation	   of	   luminescence	   of	   intact	   PSII	   cores	   with	  that	   of	   the	   isolated	   antenna	   subunits	   enabled	   further	   light	   to	   be	   shed	   on	   the	  origin	   of	   fluorescence	   in	   the	   PSII	   core.	   In	   the	   second	   part	   of	   Chapter	   6,	   this	  comparison	   is	   shown	  and	  discussed.	   It	   is	   confirmed	   that	   in	  general,	   the	  CPL	  of	  the	  core	   is	  very	  similar	  to	  that	  of	   the	   isolated	  antennas	  at	  similar	  wavelengths,	  leading	  to	  a	  new	  assignment	  for	  the	  fluorescence	  band	  known	  as	  F695.44,46,68,69	  This	  assignment	   is	  discussed	   in	   the	  context	  of	   the	  overall	  PSII	   literature	  at	   the	  end	  of	  Chapter	  6.	  Finally	  in	  Chapter	  7,	  the	  thesis	  is	  summarised	  and	  possibilities	  for	  future	  extension	  to	  the	  work	  are	  discussed.	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1.3	   Optical	  Spectroscopy	  of	  Pigment-­‐Protein	  Complexes	  	  This	   section	   is	   a	   brief	   summary	   of	   relevant	   concepts,	   many	   of	   which	   can	   be	  found	  in	  standard	  textbooks.	  For	  a	  chemistry	  graduate	  first	  entering	  biophysics,	  a	   useful	   reference	   was	   Chapter	   3	   of	   “Light-­‐Harvesting	   Antennas	   in	  Photosynthesis”	   (Green	   and	   Parson,	   Eds.)	   by	   Parson	   and	   Nagarajan.72	   Also	  helpful	   was	   volume	   2	   of	   Cantor	   &	   Schimmel,73	   while	   a	   more	   comprehensive	  treatise	   is	   Photosynthetic	   Excitons,	   by	   van	  Amerongen	   et	   al.51	   The	   notation	   of	  the	  latter	  is	  generally	  followed	  here.	  	  	  
1.3.1.	  	  	  Light	  absorption	  by	  Chlorophyll	  a	  	  Absorption	  of	  visible	  light	  by	  a	  molecule	  occurs	  when	  the	  electromagnetic	  field	  of	   the	   light	   interacts	   with	   electrons	   within	   the	   molecule,	   transferring	   energy	  from	  the	  field	  to	  the	  molecule.	  Light	  can	  induce	  an	  appreciable	  rate	  of	  transition	  between	   a	   ground	   state	   with	   wavefunction	   Ψ! 	  and	   excited	   state	   with	  wavefunction	  Ψ!	  if	  the	  electric	  transition	  dipole	  moment	  (TDM),	  !!"	  is	  non-­‐zero.	  This	  quantity	  is	  given	  by	  	  !!" = ! Ψ!∗!Ψ! d!                                                                                                                                                                                                                  (1.1)    	  	  where	  e	   is	   the	  electronic	  charge	  and	  r	   is	   the	  position	  vector.	  The	  magnitude	  of	  the	   electric	   TDM	   has	   units	   of	   Coulomb-­‐metres	   but	   is	   usually	   quoted	   in	   Debye	  (1	  D	  =	  3.33564×10–30	  C	  m).	  The	  magnetic	  field	  is	  often	  neglected;	  in	  this	  work	  the	  abbreviation	  “TDM”	  refers	  to	  electric	  TDM	  except	  where	  noted	  as	  magnetic	  TDM.	  	  The	  transition	  rate	  W01	   from	  ground	  to	  excited	  state	   induced	  by	  the	  oscillating	  electric	   field	   of	   light	   depends	   on	   the	   dipole	   strength	  D!" = !!" ! ,	   the	   light	  intensity	   |E|2,	   and	   the	   angle	   between	  !	  and	  !	  (the	   latter	   two	   are	   unit	   vectors	  defining	  polarisation	  and	  TDM	  respectively):	  	  !!" ∝ ! ! ∙ !!" ! ∙ cos! ! ∙ ! .                                                                                                                                                                        (1.2)	  	  The	   transition	   rate	   also	   decreases	   rapidly	   with	   the	   difference	   between	   the	  frequencies	   of	   the	   exciting	   light	   and	   the	   transition	   energy,	   giving	   rise	   to	   the	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Figure	  1.4:	  Chlorophyll	  a,	  with	  atoms	   numbered	   using	   IUPAC	  nomenclature,74	   and	   commonly	  used	   definition	   of	   rings	   and	  axes.	   (Note:	   a	   different	   system	  is	   used	   in	   protein	   crystal	  structures.)	  	  	  In	   this	   work,	   the	   main	   pigment	   of	   interest	   is	   chlorophyll	   a.	   Chlorophylls	   are	  cyclic	   tetrapyrroles;	   such	   molecules	   exhibit	   absorption	   peaks	   in	   the	   near-­‐UV	  region	  known	  as	  Soret	  or	  B-­‐bands,	  and	  in	  the	  visible	  known	  as	  Q-­‐bands.	  The	  Q-­‐bands	  of	   chlorophyll	   are	  non-­‐degenerate	  due	   to	   the	  partial	   saturation	  of	   the	  D	  ring,	  and	  the	   lowest	  energy	  absorption	  band	   is	  due	   to	   the	  Qy	   transition,	  whose	  transition	  dipole	  moment	  (TDM)	  is	  oriented	  close	  to	  the	  y-­‐axis	  of	  the	  molecule.75	  Excitation	  of	  higher	  bands	   is	   followed	  by	  very	  rapid	  relaxation	   into	  this	   lowest	  state,	   from	   which	   photochemistry	   and/or	   energy	   transfer	   then	   proceed.	   The	  exact	   orientation	   of	   the	   TDM	  depends	   on	   the	   external	  molecular	   environment	  and	   remains	   under	   study,76,77	   but	   it	   is	   most	   often	   approximated	   as	   being	  between	  the	  N	  atoms	  of	   the	  A	  and	  C	  rings	  of	  Figure	  1.4	  and	  this	   is	  assumed	   in	  calculations	  carried	  out	  in	  this	  work	  (note	  that	  the	  rings	  are	  assigned	  differently	  in	  current	  crystal	  structures).	  The	  absorption	  wavelength	  of	  the	  Qy	  transition	  is	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generally	  between	  650–700	  nm	  (~15400–14300	  cm–1)	  and	  likewise	  depends	  on	  molecular	  environment.	  	  The	  dipole	  strength	   ! !	  of	  the	  chlorophyll	  a	  Qy	  transition	  has	  been	  measured	  in	  various	  media,50,78-­‐80	  with	  most	  estimates	  between	  18	  and	  27	  square	  Debye	  (D2).	  Hughes	   et	   al.81	   estimated	   the	   dipole	   strength	   of	   the	   purely	   electronic	   Qy(0,0)	  transition	   in	   a	   cryogenic	   protein	   environment,	   which	   is	   perhaps	   the	   most	  relevant	  method	   for	   this	  work	   because	   pigment	   environments	   are	   likely	   to	   be	  similar	  and	  only	   interactions	  between	  Qy(0,0)	  transitions	  are	  considered.	  Their	  result	  of	  19	  D2,	  corresponding	  to	  a	  TDM	  of	  4.4	  D,	  was	  used	  in	  all	  calculations.	  	  
1.3.2.	  	  	  Exciton	  coupling	  
	  The	   pigment-­‐protein	   complexes	   under	   study	   contain	   multiple	   chlorophyll	   a	  pigments	   in	   close	   proximity.	   In	   this	   situation	   the	   excitation	   of	   individual	  pigments	   is	   not	   independent,	   because	   of	   electrostatic	   interactions	   between	  electrons	   on	   neighbouring	   pigments.	   These	   interactions	   are	   called	   exciton	  coupling.	   The	   coupling	   energy	   V12	   between	   pigments	   with	   TDMs	   µ1	   and	   µ2	  depends	  on	  the	  magnitude,	  mutual	  orientation,	  and	  separation	  of	  the	  two	  TDMs	  in	  question.	  In	  antenna	  complexes	  V12	  (in	  Joules)	   is	  quite	  well	  approximated	  as	  an	  interaction	  between	  two	  point	  dipoles	  μ	  (in	  Coulomb-­‐metres):	  	  !!" = !! ∙ !! − 3(!! ∙ !!")(!! ∙ !!")!!" !       ,                                                                                                                                              (1.4)	  	  where	  R12	  is	  the	  vector	  between	  the	  point	  dipoles	  (in	  metres).	  The	  couplings	  in	  PSII	  have	  been	  calculated	  from	  structural	  data	  using	  the	  more	  sophisticated	  Tr-­‐esp	  (transition	  charge	  from	  electrostatic	  potential)	  method,82,83	  which	  takes	  into	  account	  spatial	  charge	  distributions	  and	  electron	  exchange	  effects	  (the	  latter	  are	  minor	   in	   antenna	   complexes).	   The	   coupling	   energies	   calculated	   in	   different	  studies	   of	   PSII	   using	   these	   methods	   are	   relatively	   consistent;17,44,46	   in	  calculations	  performed	  for	  this	  thesis	  the	  results	  of	  the	  most	  recent	  such	  work,	  by	  Shibata	  et	  al.46	  were	  assumed.	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A	  system	  of	  N	  coupled	  chlorophylls	  has	  N	  excited-­‐state	  wavefunctions,	  which	  can	  be	  expressed	  as	  
Ψ! = !!"!!! !!!                                                 !!!!!!!                                                                                                                                                       (1.5)	  	  where	  !!!	  is	  the	  (Qy)	  excited	  state	  of	  chlorophyll	  n	  and	  !!! 	  is	  the	  ground	  state	  of	  chlorophyll	  m.	   The	   overall	   wavefunction	  Ψ!	  for	   excited	   state	   f	   is	   therefore	   a	  linear	  combination	  of	  terms	  where	  a	  single	  chlorophyll	  is	  excited,	  with	  each	  term	  multiplied	  by	  a	  coefficient	  !!".	  The	  arguments	  of	  these	  coefficients	  determine	  the	  relative	   phase	   of	   each	   excited	   pigment,	   and	   their	   magnitudes	   determine	   the	  contribution	  made	  by	  chlorophyll	  n	  to	  state	  f,	  with	   !!" ! = 1.	  	  	  The	   Hamiltonian	   of	   the	   coupled	   system	   is	   represented	   by	   a	   matrix	   with	   the	  transition	   energies	   (site	   energies)	   of	   the	   N	   individual	   chlorophylls	   on	   the	  diagonal,	   and	   the	   coupling	   energies	   between	   each	   chlorophyll	   pair	   in	   the	   off-­‐diagonal	  elements,	  that	  is,	  !!" = !!"!! + !!" .	  	  Diagonalising	  this	  N×N	  matrix	  yields	  a	  set	  of	  N	   eigenvectors	   representing	   the	  N	   eigenstates.	  Each	  eigenvector	  has	  N	  components,	   which	   correspond	   to	   the	   coefficients	   !!" 	  of	   each	   chlorophyll	  (labelled	  by	  the	  n	  subscript)	  to	  that	  state	  (f	  subscript).	  The	  eigenvalues	  give	  the	  energy	  of	  their	  corresponding	  state.	  An	  example	  for	  the	  16-­‐chlorophyll	  CP47	  can	  be	  found	  in	  section	  2.1.	  	  
1.3.3.	  	  	  Dipole	  strength	  and	  absorption	  	  The	  transition	  dipole	  moment	  (TDM)	  of	  an	  exciton	  state	  f	  is	  simply	  the	  weighted	  sum	  of	  the	  TDMs	  of	  each	  chlorophyll	  n	  and	  its	  corresponding	  coefficient	  !!":	  
!! = !!"!!!!!!   .                                                                                                                                                                                                                                    (1.6)	  	  The	  dipole	  strength	  of	  the	  exciton	  state	  is	  then	  given	  by	  
!! = !! ! = !!"!!"∗ (!!!!,!!! ∙ !!)     =    !!" !!!,!!! !!"  .                                                                  (1.7)	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Here	  !!"(!))	   =	  !!"!!"∗ is	   known	   as	   the	   density	  matrix	   of	   state	   f,	   and	   the	   dipole	  strength	  matrix	  for	  the	  complex	  is	  defined	  by	  !!" = !! ∙ !!.	  In	  the	  sums	  above,	  terms	   where	   n=m	   are	   equal	   to	   !!" ! !! !	  which	   is	   the	   contribution	   from	   the	  intrinsic	  dipole	  strength	  of	  each	  molecule	  n	  to	  the	  dipole	  strength	  of	  the	  exciton	  state	   f.	   	   The	   exciton	   terms	   (n≠m)	   cause	   variation	   from	   this	   base	   level	   for	   the	  state.	  The	  sum	  of	  these	  variations	  across	  all	  N	  exciton	  states	  is	  zero,	  so	  the	  total	  dipole	   strength	   of	   the	   complex	   is	   not	   changed	   by	   exciton	   interactions.	   The	  samples	   in	   this	   study	   are	   isotropic,	   so	   equation	   1.3	   applies.	   The	   apparent	  (orientation-­‐averaged)	  dipole	  strength	  is	  given	  by	  	  !!!"# = !! !× 13                                                                                                                                                                                                                                     (1.8)	  	  where	   !! !	  is	  calculated	  via	  equation	  1.7.	  	  
	  
1.3.4.	  	  	  Rotational	  strength	  and	  circular	  dichroism	  (CD)	  	  If	   an	  excited	   state	  has	   contributions	   from	  different	  pigments,	  whose	  TDMs	  are	  arranged	  in	  a	  chiral	  manner,	  then	  the	  state	  will	  interact	  differently	  with	  left	  and	  right	  circularly	  polarised	  light.	  This	  can	  occur	  for	  intra-­‐molecular	  transitions	  in	  chiral	   molecules,	   but	   the	   effect	   is	   usually	   much	   stronger	   in	   excitonic	   systems	  because	  of	  delocalisation	  across	  relatively	  large	  intermolecular	  distances.	  	  	  The	   rotational	   strength	   R	   is	   used	   to	   describe	   the	   extent	   of	   chirality	   of	   a	  transition.	   This	   was	   defined	   by	   Condon84	   as	  ! = −Im[! ∙ !] ,	   where	   Im[…]	  means	  the	   imaginary	  part	   is	   to	  be	  taken,	  !	  is	   the	  electric	  TDM	  of	   the	  transition	  and	  !	  is	  the	  magnetic	  TDM,	  which	  is	  purely	  imaginary.	  The	  dot-­‐product	  above	  is	  non-­‐zero	  for	  chiral	  transitions,	  which	  involve	  a	  helical	  movement	  of	  charge.	  	  In	  pigment-­‐protein	  complexes	  we	  often	  have	  atomic	  coordinates	  that	  enable	  us	  to	  define	  electric	  dipoles	  !	  and	  the	  position	  vectors	  for	  these	  dipoles.	  It	  is	  useful	  to	   define	   R	   in	   terms	   of	   these	   quantities	   only.	   Using	   the	   inherent	   relationship	  between	  the	  magnetic	  and	  electric	  TDMs,	  it	  can	  be	  shown72	  that	  for	  a	  transition	  from	  the	  ground	  state	  into	  exciton	  state	  f,	  the	  rotational	  strength	  is	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!!   =    !!" !!!!  !!!!   −   12 !!"!!"∗   Im !!! ∙ !!!!!!                   +      !2λ !!"!!"∗!!,!!! !!! ∙ !!×!!.                                                                                                                                                                  (1.9)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	   	   	   	   	  The	   first	   sum	  term	   is	   the	  contribution	   from	   the	   intrinsic	   rotational	   strength	  of	  individual	  molecular	  excitations	  !!! .	  The	  second	  is	  the	  interaction	  of	  the	  intrinsic	  magnetic	  TDMs,	  !!! ,	  with	  the	  electric	  dipoles	  of	  other	  molecules,	  !!.	  The	  third	  sum	   is	   the	   exciton	   term;	  !!"	  is	   the	   vector	  between	   the	   (point)	   electric	  dipoles	  and	  the	  triple-­‐product	  quantifies	  the	  chirality	  of	  their	  spatial	  arrangement.	  The	  wavelength	  of	  the	  transition	  is	  λ,	  and	  the	  c	  terms	  have	  been	  defined	  earlier.	  For	  planar	  molecules	   such	   as	   chlorophylls,	   the	   first	   two	   terms	   of	   equation	   1.9	   are	  generally	  small	  and	  the	  exciton	  term	  dominates.	  The	  vector	  !!"	  is	  defined	  here	  as	   	  !!" = !! − !! 	  where	  !! 	  and	  !! 	  are	   the	   vectors	   from	   the	   origin	   of	   the	  coordinate	  system	  to	  the	  centre	  of	  the	  molecule	  (which	  is	  taken	  as	  the	  location	  of	  a	   point	   dipole).	   This	   means	  !!"	  runs	   from	   the	   TDM	   of	   molecule	  m	   to	   that	   of	  molecule	   n.	   The	   definition	   is	   important	   since	   reversing	   the	   direction	   of	   this	  vector	  changes	  the	  sign	  of	  the	  term.	  	  In	   the	  1930s,	   circular	   dichroism	  was	  measured	   in	  units	   of	   ellipticity84	   and	   the	  usual	   unit	   for	   rotational	   strength	   was	   the	   Debye-­‐Bohr-­‐magneton.	   Thanks	   to	  advances	  in	   light	  detection	  and	  polarisation	  modulation	  technologies,	   the	  CD	  is	  now	   measured	   as	   differential	   absorption	   and	   the	   equivalent	   units	   of	   square	  Debye	  are	  usually	  more	  appropriate;	  these	  units	  are	  used	  here.	  By	  evaluating	  the	  transition	  rates	  induced	  by	  left	  and	  right	  circularly	  polarised	  (LCP	  and	  RCP)	  light	  into	  exciton	  state	  f,	  and	  averaging	  over	  all	  molecular	  orientations,	  the	  apparent	  dipole	   strength	  !!! 	  and	  !!! 	  for	   the	   two	   polarisations	   can	   be	   found.51	   The	  difference	  between	  them	  is	  given	  by	  
!!! − !!!   =   2!λ !!"!!"∗!!,!!! !!" ∙ !!×!!.                                                                                                                        (1.10)	  	  The	  rotational	  strength	  R	  is	  related	  to	  the	  CD	  spectrum	  of	  the	  band	  by	  	  	  !! = 0.00229 ∆!(ω)ω dω                                                                                                                                                                                        (1.11)	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in	   analogy	   to	   equation	   1.3,	   where	   Δε	   is	   difference	   in	   the	   apparent	   molar	  extinction	  of	  LCP	  and	  RCP	  light.	   In	  the	  reference	  used51	  there	  appears	  to	  be	  an	  inconsistency	  regarding	  the	  definition	  of	  !!".	  Below	  equation	  3.12	  of	  that	  work,	  the	  same	  definition	  is	  given	  as	  here,	  !!" = !! − !!,	  and	  the	  equation	  incorrectly	  has	  a	  negative	  sign.	  On	  the	  following	  page,	  the	  negative	  sign	  was	  maintained	  but	  the	   definition	   of	  !!"	  was	   reversed,	   which	   resulted	   in	   a	   correct	   expression	   for	  equation	  3.16.	  In	  Parson	  &	  Nagarajan72	  the	  same	  definition	  is	  used	  as	  here.	  The	  equations	   for	  R	   and	  D,	   as	   stated	  here,	   give	   correct	  behaviour	   for	   the	  observed	  absorption	   and	   CD	   of	   the	   chlorophyll	   dimer	   in	   the	   water-­‐soluble	   chlorophyll	  protein	   (WSCP,	   section	  2.1),81	   as	  well	   as	   agreement	  with	  previous	   calculations	  on	  CP43.45	  	  Neglecting	  non-­‐excitonic	  contributions	   to	  R,	   it	   can	  be	  seen	   from	  comparison	  of	  equations	  1.9	  and	  1.10	  (or	  1.3	  and	  1.11)	  that	  	  
!!   = !!! − !!!4   = !!" !!!,!!! !!"                                                                                                                                                          (1.12)	  	  where	  !!" = !!! !!" ∙ !!×!! 	  	   defines	   the	   rotational	   strength	   matrix	   for	   the	  complex	   and	  !!"(!) = !!"!!"∗ 	  is	   again	   the	   density	  matrix	   for	   state	   f.	   Equations	  1.8	  and	  1.12	  are	  used	  in	  conjunction	  with	  structural	  data	  to	  calculate	  dipole	  and	  rotational	  strengths	  in	  the	  following	  chapters.	  The	  absorption,	  A	  =	  (AL	  +	  AR)/2	  is	  proportional	   to	   dipole	   strength,	   and	   the	   CD,	   ΔA	   =	   AL	   –	   AR	   	   is	   similarly	  proportional	   to	   four	   times	   the	   rotational	   strength.	   Therefore,	   for	   isotropic	  samples	  	   4!    !!"#     =     ΔAA =     !!"#  .                                                                                                                                                                                                        (1.13)  	  	  Here	  R	   and    !!"#	  are	   obtained	   from	  equations	  1.12	   and	  1.8	   respectively,	  which	  apply	   to	   isotropic	   solutions.	   The	   ratio	  gabs	   is	   called	   the	   absorption	   anisotropy.	  This	  important	  relation	  is	  derived	  from	  first	  principles,	  for	  isotropic	  samples,	  in	  Shellman	  (1975).85	  The	  measurement	  of	  ΔA	  and	  A	  is	  described	  in	  Chapter	  2.	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1.3.5.	  	  	  Fluorescence	  and	  circularly	  polarised	  luminescence	  (CPL)	  	  The	   previous	   subsections	  were	   concerned	  with	   the	   absorption	   process,	  which	  creates	  excited	  exciton	  states.	  Several	  processes	  can	  occur	  following	  this,	  and	  the	  extensive	   literature	   on	   the	   fates	   of	   excited	   states	   in	   the	   pigment-­‐protein	  complexes	  under	  study	  is	  briefly	  reviewed	  in	  the	  introductions	  of	  Chapters	  4–6.	  This	   thesis	   is	   concerned	   with	   fluorescence.	   In	   antenna	   complexes,	   energy	  transfer	  between	  exciton	  states	   is	   fast	  compared	   to	   fluorescence,	  which	  means	  that	  fluorescence	  from	  each	  excited	  state	  at	  a	  given	  temperature	  is	  proportional	  to	   its	   pseudo-­‐Boltzmann	   population	   at	   that	   temperature.	   (The	   system	   is	   of	  course	   not	   in	   true	   thermal	   equilibrium,	   the	   lowest	   excited	   state	   being	   some	  	  ~15,000	  cm–1	  above	  the	  ground	  state)	  At	  the	  lowest	  temperatures,	  each	  complex	  emits	   from	   its	   lowest	   excited	   state	   exclusively	   while	   at	   higher	   temperatures	  emission	   is	   observed	   from	   higher	   excited	   states	   depending	   on	   their	   energy	  (relative	  to	  that	  of	  the	  lowest	  excited	  state	  and	  thermal	  energies).	  	  	  So	  far	  we	  have	  considered	  the	  dipole	  and	  rotational	  strength	  of	  a	  transition	  from	  the	  ground	  state	  of	   a	  pigment-­‐protein	   complex	   to	  a	  delocalised	  exciton	   state	   f.	  	  The	  emission	  process	   is	  also	  described	  by	   interaction	  of	   the	  molecule	  with	   the	  electromagnetic	  field,	  and	  the	  dipole	  and	  rotational	  strength	  operators	  similarly	  govern	  the	  transition;	  the	  difference	  is	  that	  energy	  is	  now	  transferred	  from	  the	  molecule	  to	  the	  radiation	  field,	  with	  emission	  of	  a	  photon	  instead	  of	  absorption.	  If	   the	  two	  states	   involved	  are	  the	  same,	  the	  circular	  polarisation	  of	  the	  emitted	  photon	   will	   be	   the	   same	   as	   that	   of	   the	   absorbed	   photon.	   For	   absorption	   or	  emission	  between	  two	  states,	  	    ΔAA       =     !!"#     =       ΔII       =       !!"   =     4!!                                                                                                                                         (1.14)	  	  where	   ΔI	   =	   IL	   –	   IR	   and	   I	   =	   (IL	   +	   IR)/2	   are	   the	   total	   and	   differential	   emission	  intensity,	   defined	   analogously	   to	   the	   absorption.	   From	   an	   experimental	  standpoint	  it	  would	  be	  more	  intuitive	  to	  define	  I	  =	  (IL	  +	  IR)	  since	  this	  quantity	  is	  directly	  measured	  (Chapter	  2).	   If	   this	  definition	   is	  chosen	  then	  I	   is	  replaced	  by	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0.5×I	  in	  equation	  1.14	  as	  used	  by	  Riehl	  and	  Richardson;86	  this	  does	  not	  affect	  the	  emission	  anisotropy	  gem.	  	  The	   spectrum	   of	   the	   differential	   emission	   (ΔI)	   is	   known	   as	   the	   circularly	  polarised	   luminescence	   (CPL)	   spectrum,	   and	   is	   the	   emission	   equivalent	   to	   the	  differential	  absorbance	  (ΔA,	  the	  CD).	  The	  equations	  leading	  to	  equation	  1.14	  are	  for	   isotropic	   samples.	   All	   samples	   in	   this	  work	   are	   isotropic,	   and	   considerable	  efforts	   were	   made	   to	   avoid	   photoselection	   of	   oriented	   pigments	   for	   emission	  (Chapter	   3).	   Equation	   1.14	   therefore	   holds	   provided	   that	   the	   exciton	   state	  (equation	  1.5)	  is	  the	  same	  in	  both	  absorption	  and	  emission.	  	  	  	  The	  question	  of	  how	  similar	  the	  absorbing	  and	  emitting	  states	  are,	   is	  a	  current	  theoretical	  problem.	  Generally,	  it	  is	  expected	  that	  if	  pigment-­‐pigment	  coupling	  is	  stronger	  than	   local	  energy	  fluctuations,	   then	  states	  remain	  delocalised,	  while	   if	  the	   reverse	   is	   true,	   then	   localisation	   occurs.	   In	   photosynthetic	   antenna	  complexes,	   the	   reality	   is	   in	   general	   an	   intermediate	   case.	   For	   static	   energy	  differences	  (due	  to	  the	  site	  energy	  differences)	  the	   localisation	   is	  quantified	  by	  finding	  the	  pigment	  contributions	  to	  the	  excited	  state	  (section	  1.3.2),	  and	  these	  are	  the	  same	  in	  absorption	  and	  emission.	  However	  dynamic	  energy	  fluctuations	  may	   result	   in	   (dynamic)	   localisation	   which	   has	   potential	   to	   cause	   differences	  between	  gabs	   and	  gem	  even	  at	   low	   temperatures.	  Much	  work	  has	  been	  done	  on	  the	  theory	  of	  excited	  state	  dynamics	  in	  photosynthetic	  complexes,87-­‐89	  however	  dynamic	  localisation	  remains	  a	  challenge	  for	  future	  work	  in	  the	  field.90	  Analysis	  of	  temperature-­‐dependent	  CPL	  spectra	  may	  have	  the	  potential	  to	  provide	  a	  new	  window	   into	   this	   phenomenon.	   The	   current	   analysis	   is	   focussed	   on	   simply	  characterising	  the	  CD	  and	  CPL	  at	  low	  temperature	  and	  using	  these	  steady-­‐state	  phenomena	  to	  identify	  the	  emitting	  states.	  	  	  
1.3.6.	  	  	  Site	  energy	  distribution	  functions	  (SDFs)	  	  Much	  of	  the	  remainder	  of	  this	  chapter	  deals	  with	  the	  problem	  of	  heterogeneity	  in	  real	  samples,	  which	  arises	  because	  the	  precise	  transition	  energy	  of	  a	  pigment	  depends	  on	  its	  molecular	  environment.41,48	  In	  solution	  the	  environment	  changes	  dynamically,	   but	   in	   the	   solid	   state	  many	  of	   these	  movements	   cease	   and	   at	   the	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lowest	   temperatures	  each	   individual	  pigment	   in	   the	   sample	  has	  a	  well-­‐defined	  transition	   energy	   or	   “site	   energy”	   depending	   on	   its	   specific	   pigment-­‐protein	  interactions.	   For	   pigments	   embedded	   in	   low-­‐temperature	   glasses,	   a	   Gaussian	  distribution	   of	   transition	   energies	   is	   generally	   observed	   due	   to	   random	  configurations	  of	  the	  pigment	  embedded	  in	  the	  glass	  matrix.	  	  A	   typical	   inhomogeneous	  distribution	   for	  chlorophyll	   in	  solution	  has	   full-­‐width	  at	   half-­‐maximum	   (FWHM)	   of	   around	   20	   nm	   (~400–500	   cm–1).91	   The	   samples	  under	   study	   are	   protein	   complexes	   that	   bind	   multiple	   pigments	   in	   specific	  binding	  sites—CP43	  binds	  13	  chlorophyll	  a	  molecules	  while	  CP47	  binds	  16.	  Each	  chlorophyll	   site	   has	   its	   own	   inhomogeneous	   distribution,	   or	   “site	   energy	  distribution	   function”	   (SDF).	   These	   binding	   sites	   are	   generally	   better	   defined	  than	   in	   a	   glassy	   matrix,	   resulting	   in	   lower	   inhomogeneous	   widths	   for	   the	  transition	   energy	   of	   the	   pigments.	   Widths	   of	   Chl	   a	   in	   PSII	   sites	   are	   usually	  modelled	  at	  some	  fixed	  value	  between	  150	  and	  250	  cm–1,	  with	  exceptions	  made	  when	  clearly	  narrower	  bands	  are	  observed,	  as	  occurs	   in	  CP4345	  and	  the	  native	  reaction	  centre.17	  	  It	  is	  generally	  taken	  that	  the	  precise	  energy	  of	  a	  particular	  chlorophyll	  within	  its	  own	  SDF	  has	  no	  relationship	  to	  the	  energy	  of	  the	  other	  chlorophylls	  (in	  the	  same	  complex)	  within	  their	  own	  SDFs.	  This	  assumption	  is	  supported	  by	  spectroscopic	  evidence	   from	   fluorescence	   line-­‐narrowing	   and	   spectral	   hole-­‐burning	  experiments.92	   This	   concept	   of	   non-­‐correlated	   site	   energies	   is	   important	   in	  understanding	   the	   spectroscopy	   of	   proteins	   that	   bind	   multiple	   interacting	  pigments.	  A	  “correlation	  radius”,	  where	  the	  site	  energies	  of	  closely	  neighbouring	  chlorophylls	  are	  correlated,	  has	  been	  investigated93	  but	  its	  applicability	  to	  low-­‐temperature	  spectra	  is	  not	  clear	  and	  it	  was	  not	  considered	  in	  this	  work.	  	  	  	  Equations	   1.5	   through	   1.13	   can	   be	   used	   to	   calculate	   the	   transition	   energies,	  dipole	   strengths	   and	   rotational	   strengths	   of	   the	   excited	   states	   of	   a	   single	  excitonically	   coupled	   complex,	   using	   known	  or	   assumed	  pigment	   site	   energies	  and	  geometries.	  The	  absorption	  and	  CD	  spectra	  for	  the	  single	  complex	  can	  then	  be	   obtained	   by	   convoluting	   these	   calculated	   zero-­‐phonon	   energies	   with	  appropriate	  lineshape	  functions,	  which	  may	  effectively	  incorporate	  phonon	  and	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vibrational	  modes.87	  This	  step	  increases	  computation	  times	  but	  has	  only	  minor	  effects	   on	   the	   low-­‐temperature,	   steady-­‐state	   absorption	   and	   emission	   spectra	  studied	   in	   this	  work,	   because	   electron-­‐phonon	   coupling	   is	   relatively	   small	   and	  broadening	  is	  mainly	  inhomogeneous.94	  Therefore	  “stick	  spectra”,	  using	  a	  simple	  delta	   function	   for	   the	   single-­‐site	   lineshape,	   were	   calculated	   in	   this	   work.	   To	  simulate	   inhomogeneous	   broadening,	   the	   calculation	   is	   performed	   for	   a	   large	  number	  of	   site	   energy	   combinations,	   such	   that	   the	  different	   realisations	  of	   the	  disorder	  are	  sampled	  and	  weighted	  representatively	  according	  to	  their	  assumed	  Gaussian	   distributions.	   An	   example	   calculation	   for	   the	   CP47	   complex	   is	  described	  in	  section	  2.1.	  	  
	  
1.3.7.	  	  	  Energy	  transfer	  	  	  	  Excitation	   energy	   transfer	   (EET)	   between	   pigments	   is	   not	   modelled	  quantitatively	   in	   this	   work.	   However,	   the	   process	   does	   underpin	  much	   of	   the	  discussion	   of	   fluorescence	   spectra	   and	   their	   temperature	   dependence	   in	  Chapters	   4–6.	   Energy	   transfer	   rates	   are	   described	   by	   either	   Förster	   theory	   or	  more	   complex	   Redfield	  models,	   depending	   on	   the	   degree	   of	   pigment-­‐pigment	  and	   pigment-­‐protein	   coupling51	   (in	   PSII	   these	   couplings	   are	   of	   similar	  magnitude,	  which	  presents	  a	   theoretical	   challenge	  as	   reviewed	  recently88).	  For	  energy	   transfer	   between	   weakly-­‐coupled	   states	   the	   Förster	   mechanism	  dominates,	   and	  energy	   transfer	   rates	  may	  be	   slow	  enough	   that	   fluorescence	   is	  competitive.	   The	   Förster	   EET	   rate	   depends	   on	   the	   relative	   position	   and	  orientation	   of	   the	   pigments,	   and	   on	   the	   overlap	   between	   the	   emission	   and	  absorption	  spectra	  of	  the	  energy	  donor	  and	  acceptor.51	  	  In	  the	  CP43	  and	  CP47	  antenna	  complexes	  of	  PSII,	  excitation	  transfer	  between	  the	  tightly-­‐packed	   chlorophylls	   is	   much	   faster	   than	   fluorescence,95	   which	   allows	  thermal	  equilibration	  between	  excited	  states	  of	  different	  energies	  to	  occur	  well	  within	   the	   fluorescence	   lifetime.	  This	  allows	   for	   the	  approximation	   that	  at	   low	  temperature,	  only	  the	  lowest-­‐energy	  state	  in	  each	  complex	  will	  fluoresce,	  which	  is	  used	  when	  modelling	  antenna	  emission	  spectra	  as	  described	  in	  section	  1.3.8.	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In	   PSII	   core	   complexes,	   the	   pigments	   of	   the	   reaction	   centre	   and	   the	   proximal	  antenna	   complexes	   are	   separated	   by	   1.5–2	   nm,	   which	   is	   significantly	   further	  than	  the	  inter-­‐pigment	  distances	  within	  the	  antennas	  (Figure	  1.3).	  This	  suggests	  that	   the	   energy	   transfer	   rate	   between	   the	   antennas	   and	   the	   reaction	   centre	  should	   be	   slow	   enough	   that	   fluorescence	   is	   competitive,40	   although	  interpretation	   of	   time-­‐resolved	   spectroscopic	   data	   is	   very	   difficult	   due	   to	  photochemical	   processes	   which	   occur	   on	   similar	   timescales.25,39	   The	  temperature	  dependence	   of	   PSII	   fluorescence	  between	  2–120	  K	   is	   very	   strong	  and	  highly	  unusual.68,69	  This	  is	  most	  likely	  because	  the	  rate	  of	  energy	  transfer	  to	  the	   reaction	   centre	   increases	   rapidly	   with	   temperature	   as	   discussed	   in	  Chapter	  6.	  
	  
1.3.8.	  	  	  Gaussian	  fitting	  and	  fluorescence	  lineshapes	  	  A	  common	  method	  of	  describing	  the	  spectral	  lineshapes	  is	  to	  fit	  them	  to	  a	  sum	  of	  Gaussian	  bands.	  Although	  pigment-­‐protein	  interactions	  can	  be	  expected	  to	  lead	  to	   Gaussian	   SDFs	   for	   pigment	   site	   energies,	   the	   inclusion	   of	   pigment-­‐pigment	  interactions	   leads	   overall	   absorption	   and	   CD	   lineshapes	   to	   deviate	   from	   this.	  Therefore	  Gaussian	  fitting	  of	  experimental	  absorption	  and	  fluorescence	  spectra	  provides	   an	   approximate	   description	   only,	   and	   unlike	   exciton	   calculations	   it	  does	  not	  inform	  on	  the	  molecular	  origins	  of	  the	  signals.	  However	  global	  fitting	  of	  Gaussian	  bands	  can	  be	  used	  as	  a	  guide	   for	  calculations	  and	  analysis,	  as	  well	  as	  providing	  a	  description	  of	  spectra	  in	  terms	  of	  various	  absorbing/emitting	  bands.	  	  In	   low-­‐temperature	   absorption	   and	   CD,	   Gaussians	   provide	   a	   reasonable	  approximation	   of	   the	   observed	   spectra	   (in	   reality,	   CD	   bands	   are	   slightly	  narrower	  than	  the	  corresponding	  absorption	  band	  due	  to	  disorder).51	  	  	  In	   steady-­‐state	   fluorescence	   spectra,	   on	   the	   other	   hand,	   bands	   are	   often	   quite	  strongly	   asymmetric,	   particularly	   in	   isolated	   antenna	   complexes	   at	   low	  temperature.	   This	   is	   a	   result	   of	   fast	   excitation	   energy	   transfer	   between	   states	  with	   uncorrelated	   energies.	   Since	   energy	   transfer	   rates	   are	   faster	   than	  fluorescence	   in	   antenna	   complexes,	   fluorescent	   emission	   from	   any	   single	  complex	   is	   dominated	   by	   whichever	   state	   has	   the	   lowest	   energy	   in	   that	  particular	  complex.	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If	  N	  states	  are	  connected	  by	  fast	  energy	  transfer,	  and	  have	  Gaussian	  distributions	  
Fn(ω)	   which	   are	   not	   correlated,	   then	   the	   energy	   distribution	   of	   (fluorescent)	  states	   that	   are	   the	   lowest	   in	   their	   complex,	   L(ω),	   is	   given	   by	   the	   sum	   of	   all	  distributions	  Ln(ω),	  which	  represents	  the	  distribution	  of	  states	  n	  which	  are	  the	  lowest	  in	  their	  complex.96	  The	  distribution	  is	  
! ω = !! ω!!!! ,where        !! ω = !! ω   × 1− !! ω!!! dω!!!!,!!!                                                                       (1.15)	  	  and	  Fn(ω)	  are	  normalised	  Gaussians	  with	  width	  and	  position	  specific	  to	  state	  n.	  If	  the	   distributions	   overlap,	   then	   energy	   transfer	   from	   higher	   energy	   states	   to	  lower	   ones	   reduces	   emission	   on	   the	   blue	   side	   of	   the	   spectrum.	   This	   is	  demonstrated	  in	  Figure	  1.5.	  	  
	  
	  Figure	   1.5:	   Gaussian	   curves	   rep-­‐resenting	   energy	   distributions	   for	   two	  hypothetical	   excited	   states.	   The	  absorption	  (solid	  lines)	  is	  Fn(ω),	  centred	  at	   14500	   cm–1,	   for	   both	   states	   with	  width	   (FWHM)	   80	   and	   160	   cm–1.	   The	  energy	   distribution	   of	   emitting	   states	  (dotted	   lines)	   is	   calculated	   from	  equation	  1.15.	  No	  Stokes	  shift	  was	  used,	  the	   two	   states	   were	   given	   the	  same	  emission	  efficiency,	  and	   thermal	  energy	  	  	  	  	  	  	  	  	  	  	  	  was	  not	  considered	  (temperature	  =	  0	  K)	  
	  Figure	  1.5	   is	   very	   similar	   to	  Figure	  2	  of	  Reppert	   et	   al.96	  who	  used	  L(ω)	   as	   the	  distribution	   of	   trap	   pigments	   to	   model	   non-­‐resonant	   hole-­‐burning	   spectra	  (section	  1.3.9).	  The	  degenerate	  distributions	  used	  for	  Figure	  1.5	  have	  the	  same	  peak	  energy	  but	  different	  widths;	  this	  is	  similar	  to	  the	  real	  situation	  in	  the	  CP43	  protein	  (Chapter	  4).	  Fluorescence	  spectra	  F(ω)	  can	  be	  modelled	  by	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where	   Yn	   is	   a	   constant	   accounting	   for	   the	   relative	   emission	   yield,	   which	   can	  differ	   between	   states.	   In	   PSII	   cores	   (Chapter	   6),	   reaction	   centre	   states	   are	  included	  which	  are	  approximated	  to	  have	  zero	  emission	  yield.	  The	  CD	  and	  CPL	  spectra	  are	  fitted	  to	  the	  same	  lineshapes	  as	  the	  absorption	  and	  emission	  spectra	  respectively.	  The	  ratios	  ΔA/A	  and	  ΔI/I	  can	  then	  be	  estimated	  and	  compared	  for	  each	  state.	  	  
1.3.9.	  	  	  Non-­‐resonant	  hole-­‐burning	  (NRHB)	  	  Another	   consequence	   of	   inhomogeneous	   broadening	   is	   the	   photophysical	  process	  known	  as	  spectral	  hole-­‐burning	   (SHB).	  This	  occurs	  when	  a	  pigment	   in	  the	   excited	   state	   experiences,	   via	   tunnelling	   processes,	   a	   change	   in	   the	  configuration	  of	   its	  solvent	  or	  protein	  environment,	  and	  hence	   in	   its	   transition	  energy.92	   The	   efficiency	   of	   the	   photophysical	   process	   is	   proportional	   to	   the	  lifetime	  of	   the	  excited	  state.	  The	  process	  can	  rapidly	  reverse	  due	   to	   thermally-­‐activated	  motion	  of	  the	  medium,	  but	  if	  the	  temperature	  is	  sufficiently	  low	  (below	  ~20	   K)	   this	   motion	   is	   reduced	   and	   the	   new	   configuration	   can	   persist	   much	  longer.	  When	  excited	  states	  are	  selected	  by	  resonant	  excitation,	  narrow	  features	  (“holes”)	   can	   be	   observed	   in	   the	   absorption,	   fluorescence,	   or	   fluorescence	  excitation	  spectrum.92	  	  	  When	   photosynthetic	   antenna	   complexes	   are	   excited	   at	   shorter	   wavelengths	  (higher	  in	  energy	  than	  the	  lowest	  excited	  states),	  the	  directly	  excited	  states	  have	  short	   lifetimes	   due	   to	   rapid	   relaxation	   and/or	   “downhill”	   energy	   transfer	   as	  described	   in	   the	   previous	   section.	   Excited	   states	   that	   are	   the	   lowest	   in	   their	  particular	   complex	   are	   rapidly	   populated	   via	   energy	   transfer,	   but	   cannot	  transfer	   energy	   to	   other	   states	   (at	   low	   temperature)	   and	   thus	   have	   long	  lifetimes.97	   The	   selection	   of	   long-­‐lived	   excited	   states	   is	   the	   same	   as	   that	  described	  for	  fluorescence	  (section	  1.3.8).	  This	  selection	  gives	  rise	  to	  a	  process	  referred	   to	  here	  and	  elsewhere63,67	  as	   “non-­‐resonant	  hole-­‐burning”	  (NRHB),	  so	  named	  because	   the	  physical	   process	   is	   the	   same	  as	   for	   resonant	  hole-­‐burning,	  but	   the	   selectivity	   is	  different	  as	  mentioned	  above,	   and	  gives	   rise	   to	  a	   spectral	  “hole”	   that	   reflects	   the	   distribution	   of	   lowest	   excited	   states	   of	   the	   sample96	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(equation	  1.15)	  provided	   that	   the	  energy	  of	   these	  states	   is	  not	  correlated	  with	  that	  of	  the	  initially	  excited	  states.	  	  Under	   non-­‐resonant	   excitation,	   states	   that	   are	   shifted	   to	   higher	   energy	   by	   the	  “hole-­‐burning”	  process	  may	  then	  no	  longer	  be	  the	  lowest	  state	  in	  their	  complex,	  and	  are	  then	  unlikely	  to	  shift	  back	  because	  their	  lifetimes	  are	  decreased	  (due	  to	  energy	   transfer	   to	   the	   new	   lowest	   state).	   Strong	   non-­‐resonant	   excitation	   can	  cause	   significant	   blue-­‐shifts	   in	   the	   energy	   distributions	   of	   the	   lowest	   states.96	  This	   can	   lead	   to	   significant	   changes	   in	   emission	   shapes.67	   The	   effect	   of	   this	  change	   on	   inhomogeneous	   emission	   lineshapes	   is	   briefly	   investigated	   for	   each	  complex	   in	   Chapters	   4–6.	   Although	   inhomogeneous	   lineshapes	   can	   change,	  NRHB	   should	   have	   little	   effect	   on	   CPL	  magnitude	   of	   the	   lowest	   energy	   states,	  because	  exciton	  interactions	  in	  states	  that	  remain	  at	  low	  energy	  are	  likely	  to	  be	  largely	  unaffected.	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Chapter	  2:	  	   Methods	  and	  Materials	  	  	  In	  this	  chapter,	  the	  method	  used	  for	  structure-­‐based	  calculation	  of	  excitonic	  CD	  and	   CPL	   spectra	   is	   outlined	   (section	   2.1).	   The	   spectrometer	   is	   then	   described	  along	   with	   standard	   protocols	   for	   measurement	   of	   spectra	   (section	   2.2).	   The	  method	  of	  analysing	  for	  circularly	  polarised	  light	  is	  discussed	  (section	  2.3),	  and	  finally	  the	  procedure	  for	  sample	  preparation	  is	  described	  (section	  2.4).	  	  	  	  
2.1	  	  	  Exciton	  Calculation	  Methods	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Figure	   2.1:	   Chlorophyll	   dimer	   of	   WSCP	  from	   the	   crystal	   structure.	   The	  chlorophylls	   (shown	  with	   phytyl	   tails	   and	  central	  Mg	  atoms	  removed)	  are	  bound	  in	  a	  hydrophobic	   pocket	   within	   the	   protein	  (secondary	  structure	  cartoon	  in	  grey).	  	  Crystal	   structure	  coordinates	  were	  obtained	   from	  the	  Protein	  Data	  Bank	  (code	  2DRE).	   The	   two	   pigments	   of	   the	   chlorophyll	   a	   homodimer	   have	   been	  estimated100	  to	  have	  identical	  site	  energies	  of	  14815	  cm–1	  (675	  nm)	  and	  exciton	  coupling	  energy	  V12	  of	  84	  cm–1.	  The	  direction	  of	  the	  transition	  dipole	  moment	  of	  the	  Qy(0,0)	  transition	  was	  taken	  to	  be	  between	  the	  N	  atoms	  on	  the	  A	  and	  C	  rings	  (Figure	  1.4;	  these	  are	  designated	  the	  B	  and	  D	  rings	  in	  crystal	  structures)	  and	  the	  dipole	  strength	  taken	  as	  19	  D2	  as	  discussed	  in	  section	  1.3.1.	  Using	  these	  values	  in	  equations	   1.5	   to	   1.13,	   the	   transition	   energies,	   dipole	   strengths,	   and	   rotational	  strengths	   of	   the	   two	   exciton	   states	   of	   the	   dimer	   can	   be	   calculated.	   These	   are	  displayed	  as	  “stick	  spectra”	  in	  Figure	  2.2	   	  
Figure	  2.2:	  	  Stick	  spectra	  of	  the	  chlorophyll	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Simply	   applying	   Gaussian	   lineshapes	   to	   the	   above	   stick	   spectrum	   does	   not	  necessarily	   provide	   an	   accurate	   representation	   of	   the	   spectra37	   because	   in	   a	  given	   complex,	   the	   site	   energy	   of	   each	   chlorophyll	   is	   independent	   to	   that	   of	  others	  in	  the	  complex.	  Therefore	  even	  though	  the	  Chls	  in	  this	  system	  are	  taken	  to	   have	   identical	   SDFs	   (which	   is	   not	   in	   general	   the	   case),	   the	   two	   Chls	   of	  any	  
given	  dimer	   are	   unlikely	   to	   have	   identical	   energies.	   This	   important	   concept	   of	  non-­‐correlated	   disorder	   in	   site	   energies	   was	   introduced	   in	   section	   1.3.6.	   A	  “realisation”	  of	  the	  disorder	  is	  a	  set	  of	  N	  site	  energies	  (in	  this	  case	  N	  =	  2)	  which	  represent	   the	   site	   energies	   of	   the	   Chls	   in	   one	   particular	   complex.	   Figure	   2.2	  shows	   the	   stick	   spectra	   for	   the	  most	   common	   realisation	  of	   the	  disorder,	  with	  both	   pigments	   located	   at	   the	   centre	   of	   the	   Gaussian	   SDF.	   Clearly	   other	  realisations	   are	   possible.	   The	   probability	   of	   any	   particular	   realisation	   (of	   two	  energies)	  occurring	   is	  proportional	   to	   the	  product	  of	   the	  values	  of	   the	  SDFs	  at	  those	  energies.	  	  To	  approximate	  the	  inhomogeneous	  broadening	  observed	  in	  real	  samples,	  stick	  spectra	   such	   as	   those	   in	   Figure	  2.2	   are	   calculated	   for	   the	   different	   possible	  realisations	  of	   the	  site	  energy	  disorder,	  and	  their	  sum	  is	   taken.	   In	  the	  sum,	  the	  different	   realisations	   must	   be	   weighted	   to	   reflect	   their	   relative	   probability	  within	  the	  assumed	  SDFs.	  	  The	  energy	  range	  sampled	  was	  from	  the	  SDF	  centre	  ±1.2	  ×	  FWHM,	  which	  covers	  >99%	  of	  the	  Gaussian	  SDF	  area;	  in	  this	  case	  15053	  to	  14577	  cm–1.	  The	  energies	  were	   varied	   systematically	   across	   this	   range	   with	   an	   energy	   step	   of	   4	   cm–1,	  meaning	  that	  119	  different	  energies	  were	  calculated	  for	  each	  pigment.	  The	  total	  number	  of	  realisations	  is	  119N	  which	  is	  14,161	  in	  this	  case	  since	  N	  =	  2.	  	  	  For	   each	   realisation,	   the	   resulting	   weighted	   spectra	   were	   added	   to	   the	   final	  spectra,	   with	   energies	   rounded	   to	   the	   nearest	   4	   cm–1.	   Some	   ‘noise’	   or	   small	  spikes	   can	   arise	   in	   the	   calculated	   spectra	   due	   to	   the	   limited	   number	   of	   site	  energies	   sampled;	   choosing	   the	   energy	   resolution	   the	   same	   as	   the	   step	   size	  (4	  cm−1)	  alleviated	  this.	  (Weighting	  via	  Monte-­‐Carlo	  methods	  may	  achieve	  more	  random	   sampling,	   but	   this	   required	   many	   more	   calculations	   to	   reduce	   noise,	  giving	  similar	  results	  but	  very	  long	  computation	  times	  for	  larger	  complexes.)	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The	   results	   of	   such	   an	   ensemble	   calculation	  on	  WSCP	  are	   shown	   in	  Figure	  2.3	  with	  comparison	  to	  the	  measurements	  of	  Hughes	  et	  al.81	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positive	   CD	   (regardless	   of	   which	   Chl	   of	   the	   dimer	   has	   a	   lower	   energy	   in	   that	  complex).	  Therefore	  the	  CPL	  spectrum	  of	  WSCP	  at	  liquid	  helium	  temperature	  is	  predicted	  to	  be	  entirely	  positive.	  The	  relative	  population,	  and	  hence	  emission,	  of	  higher	   exciton	   state(s)	   in	   a	   rapidly-­‐equilibrating	   system	   is	   given	   by	   the	  Boltzmann	   factors.38	   As	   temperature	   increases	   the	   fluorescence	   spectrum	  broadens	  toward	  the	  blue	  due	  to	  emission	  from	  these	  higher	  states.	  For	  WSCP,	  this	   blue	   emission	   is	   predicted	   to	   have	   negative	   CPL.	   If	   the	   CPL	   could	   be	  measured	  at	  sufficiently	  high	  temperatures,	  it	  would	  match	  the	  CD	  spectrum	  (in	  the	  absence	  of	  any	  Stokes	  shift).	  Although	  WSCP	  was	  not	  available	  for	  this	  work,	  very	  similar	  behaviour	  is	  observed	  in	  CP43	  (Figure	  4.9).	  	  
2.1.2.	  	  	  Circular	  dichroism	  of	  “monomeric”	  chlorophyll	  627	  of	  CP47	  
	  Chapter	  5	  of	   this	   thesis	   is	   focussed	  on	  CP47,	  and	  specifically	  on	   the	  CD/CPL	  of	  the	  “690	  nm	  chlorophyll”,	  a	  molecule	  that	  is	  weakly	  coupled	  to,	  and	  energetically	  separated	   from,	  most	   other	   chlorophylls	   (Chls)	   in	   the	   complex.	   Chl	   627	   (29	   in	  the	  ‘traditional’	  numbering	  of	  Loll	  et	  al.,14	  see	  Appendix	  D)	  has	  been	  assigned	  as	  the	  690	  nm	  Chl	  in	  numerous	  studies.	  Here	  the	  CD	  behaviour	  of	  this	  chlorophyll	  and	   its	   dependence	   on	   the	   site	   energies	   of	   other	   Chls	   is	   demonstrated.	   The	  location	  of	  this	  and	  the	  other	  chlorophylls	  of	  CP47	  is	  shown	  in	  Figure	  2.4.	  	  
	  
Figure	   2.4:	   Chlorophylls	   of	  CP47,	   with	   trans-­‐membrane	  helices	   partially	   transparent.	  	  Dotted	   yellow	   lines	   represent	  the	  y-­‐axes	  of	  Chls.	  	  The	  identity	  of	   Chls	   is	   as	   follows	   (left	   to	  right):	   	   	   Top:	   627(red),	   626,	  625,	   623,	   621,	   622,	  624(foreground),	   619.	   Middle:	  624	   .	   	   Bottom:	   617,	   616,	   614,	  618(lower),	   615,	   613,	   612	  (foreground).	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As	   with	   the	   dimeric	  WSCP,	   the	   calculated	   excitonic	   couplings	   and	   previously-­‐inferred	   site	   energies	   are	   used	   as	   the	   starting	   point.	   The	   results	   of	   the	   most	  recent	   attempt,	   published	  by	  Shibata	   et	   al.,46	   are	  used	   in	   this	   example	   and	  are	  shown	  below.	  	  	  
Table	   2.1:	   Site	   energies	   (diagonal)	   and	   couplings	   (off-­‐diagonal)	   in	   cm–1	   from	   Shibata	   et	   al.	  (2013).	  
Chl	   612	   613	   614	   615	   616	   617	   618	   619	   620	   621	   622	   623	   624	   625	   626	   627	  
612	   14684	   39	   11.1	   -­‐3.1	   1.1	   2.8	   0.9	   -­‐2.7	   4.4	   2	   1.4	   -­‐2.1	   2	   0.7	   1	   0.7	  
613	   	   15049	   -­‐66.6	   13.5	   3.5	   -­‐3.7	   -­‐3.8	   3.6	   -­‐13.8	   -­‐11	   -­‐2.9	   4.1	   -­‐6.9	   -­‐1	   2.8	   -­‐0.8	  
614	   	   	   14803	   4.2	   -­‐3.3	   -­‐47.7	   -­‐1.4	   -­‐4.8	   19.4	   10.6	   1	   -­‐6	   2.6	   -­‐1.3	   -­‐0.8	   -­‐2.6	  
615	   	   	   	   14993	   -­‐29.3	   -­‐10.8	   48.6	   3.7	   -­‐7.9	   -­‐3.3	   -­‐1.9	   13.4	   -­‐26.3	   4.4	   -­‐1.6	   0.1	  
616	   	   	   	   	   14760	   57.9	   -­‐12.1	   -­‐1	   0.3	   -­‐3.9	   -­‐2	   -­‐4	   -­‐4.7	   -­‐2.7	   8.7	   8.1	  
617	   	   	   	   	   	   14937	   3.8	   -­‐1.8	   5.1	   -­‐3.4	   3.8	   -­‐2.4	   6.7	   2.9	   0.9	   5.8	  
618	   	   	   	   	   	   	   15175	   0.1	   2.3	   1.2	   3.1	   -­‐1.1	   11.1	   1.7	   -­‐1.1	   0.7	  
619	   	   	   	   	   	   	   	   14903	   -­‐12.8	   -­‐68.4	   -­‐11.5	   15.1	   -­‐4.7	   -­‐1.9	   3	   -­‐0.5	  
620	   	   	   	   	   	   	   	   	   14914	   45.8	   5.6	   -­‐10	   7.1	   2.2	   -­‐1.9	   3.1	  
621	   	   	   	   	   	   	   	   	   	   15244	   -­‐7.4	   35.7	   0.7	   -­‐4.2	   23.2	   -­‐3.6	  
622	   	   	   	   	   	   	   	   	   	   	   14631	   1.6	   44.5	   23.3	   -­‐12.2	   4.2	  
623	   	   	   	   	   	   	   	   	   	   	   	   15072	   -­‐42.1	   78.2	   17.3	   3.4	  
624	   	   	   	   	   	   	   	   	   	   	   	   	   14937	   -­‐43.5	   -­‐1.4	   0.6	  
625	   	   	   	   	   	   	   	   	   	   	   	   	   	   14815	   -­‐9.4	   8.5	  
626	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   14914	   -­‐0.2	  
627	   *	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   14503	  *The	  matrix	  is	  symmetric;	  couplings	  Vji	  =	  Vij	  have	  been	  omitted.	  	  The	  16	  site	  energies	  (diagonal	  elements)	   in	  the	  above	  Hamiltonian	  represent	  a	  single	  realisation	  of	  the	  static	  disorder,	  with	  the	  site	  energy	  of	  each	  Chl	  located	  at	   the	   centre	   of	   its	   assigned	   SDF.	   Diagonalising	   this	   Hamiltonian	   gives	  eigenvectors	  corresponding	  to	  each	  of	  the	  16	  exciton	  states,	  which	  are	  included	  in	  Appendix	  A	  (Table	  A1).	  The	  square	  of	  each	  value	  corresponds	  to	  the	  fractional	  contribution	  of	  each	  chlorophyll	  to	  that	  state,	  which	  is	  given	  below	  in	  Table	  2.2	  along	  with	   the	  corresponding	  eigenvalues,	  which	  are	   the	   transition	  energies	  of	  each	  state.	  	  	  The	   direction	   and	   location	   of	   the	   transition	   dipole	  moments	   (TDMs)	   for	   each	  chlorophyll,	  taken	  from	  the	  crystal	  structure,	  are	  given	  in	  Appendix	  A	  (Tables	  A2	  and	  A3).	  The	  TDM	  length	  was	  taken	  as	  4.4	  D	  (1.47×10–29	  C	  m);	  this	  is	  consistent	  with	   the	   dipole	   strength	   of	   19	  D2	   estimated	   previously	   for	   protein-­‐bound	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chlorophyll	  a.81	  Substituting	  these	  vectors	  into	  equation	  1.10	  yields	  the	  elements	  
Rmn	  of	  the	  rotational	  strength	  operator	  (Appendix	  A,	  Table	  A4).	  Substituting	  the	  coefficients	  (eigenvectors,	  Table	  A1)	  and	  the	  operator	  into	  equation	  1.12	  yields	  the	  exciton	  contribution	  to	  the	  rotational	  strength	  R	  for	  the	  transition	  into	  each	  state	  (other	  contributions	  from	  equation	  1.9	  are	  neglected).	  A	  similar	  calculation	  using	  equations	  1.6	  and	  1.7	  yields	  the	  dipole	  strength	  D.	  	  	  Table	  2.2	  shows	  the	  fractional	  contribution	  made	  by	  each	  chlorophyll	  to	  each	  of	  the	   16	   excited	   states	   of	   CP47	   using	   the	  Hamiltonian	   defined	   by	   Table	   2.1	   The	  energies	  of	  each	  state	  are	  in	  the	  top	  row	  of	  the	  table,	  and	  the	  calculated	  R	  and	  D	  values	  for	  each	  state	  in	  the	  bottom	  two	  rows.	  	  
	  
Table	   2.2:	   Chlorophyll	   contributions	   to	   CP47	   excited	   states	   for	   the	   site	   energies	   given	   in	  Table	  2.1)	  
Chl/cm–1	   14502	   14619	   14676	   14736	   14779	   14789	   14886	   14905	   14918	   14925	   14954	   14998	   15068	   15117	   15188	   15272	  
612	   0.0000	   0.0002	   0.9486	   0.0078	   0.0327	   0.0002	   0.0001	   0.0013	   0.0004	   0.0000	   0.0007	   0.0002	   0.0076	   0.0001	   0.0000	   0.0000	  
613	   0.0000	   0.0000	   0.0179	   0.0029	   0.0342	   0.0000	   0.0000	   0.0078	   0.0051	   0.0007	   0.0245	   0.0015	   0.8395	   0.0614	   0.0000	   0.0042	  
614	   0.0001	   0.0000	   0.0296	   0.0561	   0.7910	   0.0003	   0.0004	   0.0094	   0.0005	   0.0003	   0.0295	   0.0229	   0.0526	   0.0060	   0.0000	   0.0014	  
615	   0.0000	   0.0000	   0.0003	   0.0097	   0.0003	   0.0001	   0.0003	   0.0026	   0.0086	   0.1228	   0.1914	   0.5654	   0.0037	   0.0333	   0.0615	   0.0001	  
616	   0.0009	   0.0000	   0.0006	   0.8144	   0.0995	   0.0052	   0.0001	   0.0004	   0.0023	   0.0016	   0.0348	   0.0373	   0.0005	   0.0003	   0.0021	   0.0001	  
617	   0.0001	   0.0001	   0.0023	   0.0995	   0.0250	   0.0001	   0.0011	   0.0002	   0.0028	   0.0073	   0.6375	   0.2191	   0.0041	   0.0005	   0.0000	   0.0002	  
618	   0.0000	   0.0000	   0.0000	   0.0002	   0.0001	   0.0002	   0.0000	   0.0001	   0.0015	   0.0111	   0.0086	   0.0385	   0.0000	   0.0042	   0.9354	   0.0001	  
619	   0.0000	   0.0015	   0.0001	   0.0000	   0.0008	   0.0076	   0.8742	   0.0028	   0.0540	   0.0120	   0.0017	   0.0002	   0.0017	   0.0128	   0.0000	   0.0307	  
620	   0.0001	   0.0002	   0.0001	   0.0008	   0.0145	   0.0030	   0.0123	   0.7496	   0.1771	   0.0090	   0.0001	   0.0013	   0.0030	   0.0126	   0.0000	   0.0164	  
621	   0.0000	   0.0002	   0.0000	   0.0001	   0.0000	   0.0019	   0.0348	   0.0189	   0.0037	   0.0000	   0.0005	   0.0013	   0.0138	   0.0102	   0.0001	   0.9143	  
622	   0.0007	   0.9494	   0.0001	   0.0001	   0.0001	   0.0256	   0.0017	   0.0001	   0.0104	   0.0092	   0.0006	   0.0014	   0.0001	   0.0004	   0.0000	   0.0001	  
623	   0.0000	   0.0000	   0.0000	   0.0000	   0.0001	   0.0644	   0.0033	   0.0000	   0.0218	   0.0552	   0.0169	   0.0562	   0.0631	   0.6912	   0.0004	   0.0274	  
624	   0.0000	   0.0242	   0.0001	   0.0029	   0.0001	   0.0250	   0.0003	   0.0038	   0.0610	   0.6820	   0.0525	   0.0487	   0.0020	   0.0969	   0.0002	   0.0002	  
625	   0.0006	   0.0226	   0.0002	   0.0032	   0.0010	   0.8527	   0.0041	   0.0001	   0.0156	   0.0222	   0.0006	   0.0017	   0.0080	   0.0668	   0.0001	   0.0004	  
626	   0.0000	   0.0011	   0.0000	   0.0014	   0.0005	   0.0134	   0.0674	   0.2028	   0.6352	   0.0663	   0.0000	   0.0041	   0.0002	   0.0030	   0.0000	   0.0045	  
627	   0.9975	   0.0005	   0.0000	   0.0008	   0.0000	   0.0006	   0.0000	   0.0001	   0.0001	   0.0000	   0.0002	   0.0002	   0.0000	   0.0001	   0.0000	   0.0000	  
R*	   -­‐0.0027	   -­‐0.021	   0.026	   -­‐0.060	   -­‐0.0030	   0.0060	   0.064	   -­‐0.082	   0.042	   0.0072	   0.061	   -­‐0.0035	   -­‐0.051	   0.024	   -­‐0.0096	   0.0028	  
D*	   19.9	   13.5	   27.3	   26.6	   21.8	   34.4	   37.3	   17.1	   9.80	   1.59	   18.5	   16.0	   17.3	   30.0	   10.4	   11.2	  *Rotational	  strength	  R	  and	  dipole	  strength	  D	  are	  in	  units	  of	  square	  Debye.	  	  	   	  	  Four	   states	   are	   quite	   strongly	   localised	   (90–99%)	   on	   single	   chlorophylls.	   A	  further	  eleven	  are	  less	  strongly	  localised	  (50–90%)	  but	  clearly	  identifiable	  with	  one	   Chl.	   The	   remaining	   state	   is	   located	   99.75%	   on	   Chl	   627	   and	   is	   the	   lowest	  energy	   state	   (left-­‐most	   column)	   in	   a	   complex	   with	   this	   realisation	   of	   site	  energies.	  Chl	  627	  has	  very	  weak	  coupling	  to	  all	  other	  Chls	  (Table	  2.1)	  due	  to	  its	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Figure	   2.5:	   	  Single	  complex	  stick	  spectra	  of	  CP47,	  calculated	  using	   the	  site	  energies	  and	  couplings	   from	   Table	   2.1.	   Apparent	   dipole	  strength	   and	   rotational	   strength	   ×4	  correspond	   to	   absorption	   A	   and	   CD	   ΔA	  (equation	  1.13)	  	  	  Further	   insight	   into	   the	   pigment	   interactions	   that	   give	   rise	   to	   the	   CD	   of	   an	  exciton	  state	  can	  be	  obtained	  by	  studying	  the	  terms	  of	  equation	  1.12.	  These	  are	  shown	   for	   the	   example	   of	   the	   red	   state	   discussed	   above,	   in	   Appendix	   A	  (Table	  A5).	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calculation	   (using	   Igor	   Pro	   software)	   took	   about	   10–3	   seconds.	   Thus	  comprehensive	  calculations	  were	  not	  attempted.	  	  	  	  The	  number	  of	  calculations	  can	  be	  greatly	  reduced	  by	  dividing	  the	  complex	  into	  domains	   by	   using	   an	   exciton	   coupling	   threshold	   below	  which	   delocalisation	   is	  ignored;	  this	  step	  is	  also	  necessary	  for	  the	  calculation	  of	  energy	  transfer	  rates.39	  The	   coupling	   threshold	  was	   set	   at	   30	   cm–1	   in	   the	  work	   of	   Shibata	   et	   al.46	   The	  optical	  spectra	  are	  then	  taken	  to	  be	  the	  sum	  of	  the	  individual	  domains,39,46	  so	  the	  complex	   is	   effectively	   divided	   into	   several	   smaller	   units	   for	   the	   calculation	   of	  steady-­‐state	  spectra.	  This	   is	  certainly	  a	  good	  approximation	  for	  absorption	  and	  linear	   dichroism	   spectra,	   where	   a	   1%	   contribution	   from	   a	   weakly-­‐coupled	  chlorophyll	  will	   cause	  a	  change	   in	   the	  spectrum	  of	  ~1%	  of	   the	  absorbance/LD	  magnitude.	  	  	  However,	  it	  is	  clear	  from	  Tables	  2.1	  and	  2.2	  that	  even	  slight	  delocalisation	  due	  to	  very	  weak	  coupling	  can	  lead	  to	  significant	  rotational	  strength	  (compared	  to	  the	  CD	  value	  for	  monomeric	  chlorophyll,50	  which	  has	  ΔA/A	  ~10–4	  and	  is	  neglected	  in	  the	  calculations).	   It	  was	  therefore	  considered	  that	  the	  best	  method	  to	  calculate	  the	  low	  temperature	  CD	  was	  to	  incorporate	  all	  pigments.	  An	  alternative	  method	  was	   found	   to	   reduce	   the	   computation	   time:	   since	   the	   low	   energy	   states	   are	   of	  most	   interest	   for	   fluorescence/CPL	   measurements,	   only	   the	   energy	   of	  chlorophylls	  with	  the	  three	  or	  four	   lowest	  energies	  was	  allowed	  to	  vary	  across	  their	  SDFs.	  Higher	  energy	  Chls	  (with	  SDFs	  that	  do	  not	  significantly	  overlap	  with	  the	  lowest	  ones)	  were	  kept	  at	  constant	  energy,	  greatly	  decreasing	  the	  number	  of	  calculations	  required.	  	  	  The	  calculated	  low-­‐energy	  region	  of	  the	  CP47	  spectrum,	  using	  the	  Shibata	  et	  al.	  site	   energies	   and	   obtained	   by	   giving	   the	   lowest	   three	   pigments	   in	   Table	   2.1	  inhomogeneous	   widths	   of	   150	   cm–1,	   is	   shown	   in	   Figure	   2.6.	   Inhomogeneous	  broadening	   in	   this	   region	   was	   approximated	   by	   varying	   the	   site	   energies	   for	  those	   pigments	   and	   taking	   the	   appropriately	   weighted	   sum,	   as	   described	   in	  section	   2.1.1.	   At	   shorter	   wavelengths,	   the	   resulting	   spectrum	   has	   very	   large	  spikes	  due	   to	   the	  non-­‐broadened	  higher-­‐energy	  pigments,	  whose	   site	   energies	  are	   located	   at	   the	   centre	   of	   their	   SDFs	   in	   all	   the	   summed	   calculations.	   When	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2.2	  	  	  The	  Spectrometer	  	  In	   section	   1.3	   the	   relationship	   of	   molecular	   properties	   (dipole	   strength	   and	  rotational	  strength)	  to	  measurable	  quantities	  (Absorbance	  A,	  CD	  ΔA,	  emission	  I	  and	  CPL	  ΔI)	  was	  discussed.	  We	  now	  consider	  the	  way	  that	  these	  quantities	  are	  measured.	   The	   spectrometer	   used	   for	   all	   experiments	   has	   been	   continuously	  developed	  and	  adapted	  in	  the	  Krausz	  lab	  over	  a	  considerable	  period.48,101	  It	  can	  be	  utilised	   to	  perform	  both	  absorption	  and	  emission	  experiments	  on	   the	   same	  sample,	  simply	  by	  reversing	  the	  optical	  path.	  	  
2.2.1.	  	  	  Absorption/CD	  configuration	  	  An	  overview	  of	  the	  spectrometer	  in	  absorbance	  mode	  is	  given	  in	  Figure	  2.7.	  The	  sample	   is	   placed	   in	   the	   SM4	   Magnet	   cryostat,	   as	   described	   in	   section	   2.4.	  Source	  1,	   the	   light	   source	   for	   absorption,	   is	   a	   250	  W	   tungsten	   halogen	   lamp,	  driven	   at	   a	   constant	   current	   of	   24.00	  A.	   The	   beam	   is	   dispersed	   in	   the	   0.75	  m	  monochromator	  1;	   a	  diffraction	  grating	  with	  1200	   lines/mm	  blazed	  at	  750	  nm	  was	   used.	   The	   beam	   impinges	   on	   the	   output	   slit	   with	   a	   resolution	   of	   1.1	   nm	  per	  mm	   slit	   width,	   then	   passes	   a	   chopper	  (C),	   filter	  (F),	   polariser	  (P),	   and	  photoelastic	  modulator	  (PEM,	  labelled	  M	  in	  the	  diagram).	  The	  filter	  is	  necessary	  to	   remove	   short-­‐wavelength	   light	   whose	   second-­‐order	   diffraction	   could	   affect	  the	  absorption	  spectra.	  The	  polariser	  is	  a	  Glan-­‐Taylor	  prism,	  placed	  in	  a	  mount	  that	  could	  rotate	  by	  45°	  or	  90°,	  enabling	  transmission	  of	  vertical,	  horizontal,	  or	  45°	   polarisations.	   The	   PEM	   can	   also	   be	   rotated	   by	   45°;	   the	   combination	   of	  polariser	   and	   PEM	   generates	   circularly	   polarised	   light	   as	   described	   in	  section	  2.3.	  The	  beam	  then	  strikes	  a	  collection	  lens,	  which	  focuses	  the	  image	  of	  the	  slit	  on	  the	  sample	  position.	  A	  second	  lens	  collects	  the	  beam	  after	  passing	  the	  sample	   and	   focuses	   it	   on	   the	   detector.	   The	   signal	   is	   processed	   by	   the	   lock-­‐in	  amplifier	  array	  as	  described	  in	  section	  2.3	  and	  recorded	  on	  the	  computer	  (PC).	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Figure	  2.7:	  Schematic	  of	  the	  instrument	  in	  absorbance	  mode.	  Diagram	  courtesy	  of	  Prof.	  Elmars	  Krausz.	  
	  Source	   2,	   a	   second	   tungsten	   lamp,	  was	   not	   used	   for	   actual	  measurements.	   Its	  main	   use	   in	   this	   work	   was	   to	   enable	   viewing	   by	   eye	   of	   the	   sample	   in	   situ	   to	  ensure	   the	   absence	   of	   visible	   bubbles	   and	   other	   major	   optical	   defects	   (the	  sample	   is	   rotated	  90°	   to	  enable	   this).	  Photochemistry	  or	  photophysics	   induced	  by	   viewing	   could	   be	   eliminated	   by	   tuning	   monochromator	   2	   to	   800	   nm	   and	  viewing	  with	  night	  vision	  goggles.	  Source	  2	  was	  also	  used	  as	  a	  stable	  light	  source	  for	  comparing	  the	  behaviour	  of	  different	  detectors.	  	  	  Photomultiplier	   tubes	   (PMTs)	   are	   the	  most	   suitable	   detectors	   for	   this	   type	   of	  system	   thanks	   to	   their	   high	   gain,	   fast	   response	   time	   and	   low	   noise.	   For	   CD	  experiments,	  an	  additional	  required	  characteristic	  is	  low	  polarisation	  sensitivity	  of	   the	   photocathode	   material;	   this	   is	   critical	   because	   the	   beam	   striking	   the	  detector	   has	   variable	   polarisation.	   Alkali	   metals	   are	   the	   best	   photocathode	  material	  for	  this	  application,	  and	  Hamamatsu	  R669	  photomultipliers	  have	  been	  identified	  as	  the	  best	  absorption/CD	  detector	  for	  visible	  light	  applications	  in	  this	  spectrometer.	   Their	   main	   advantages	   over	   other	   multi-­‐alkali	   PMTs	   are	   their	  excellent	  stability	  and	  good	  signal-­‐to-­‐noise	  over	  a	  wide	  range	  of	  light	  levels;	  they	  have	  been	  used	   in	  many	  experiments81,102-­‐105	   and	  were	  used	  also	   in	   this	  work.	  The	  photocurrent	  is	  transformed	  into	  a	  voltage	  by	  a	  pre-­‐amplifier	  (0.5×106	  V/A),	  and	   the	   signal	   transferred	   to	   the	   lock-­‐in	   amplifier	   array.	   Depending	   on	  experimental	   conditions,	   the	   detected	   voltages	   for	   the	   main	   signal	   (at	   the	  chopper	   frequency)	  were	   between	   10–4	   and	   5×10–1	   V	   for	   both	   absorption	   and	  emission	  experiments.	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2.2.2.	  	  	  Emission/CPL	  configuration	  	  The	   design	   of	   the	   spectrometer	   enables	   both	   absorption	   and	   emission	  measurements	   to	  be	   taken	   from	   the	   same	   sample,	  without	  moving	   the	   sample	  from	   its	   cryogenic	   environment.	   This	   was	   critical	   for	   the	   CPL	   application,	  because	   absorption	   and	   CD	   allow	   characterisation	   of	   the	   optical	   properties	   of	  the	   frozen	   glass	   samples,	  which	  must	   be	   treated	  with	   utmost	   respect	   to	   avoid	  ruinous	  effects	  on	  the	  circular	  polarisation	  of	  the	  emission	  beam	  (Chapter	  3).	  To	  convert	  the	  spectrometer	  for	  emission	  experiments,	  first	  source	  1,	  the	  detector,	  and	  the	  detector’s	  collection	  lens	  are	  all	  removed.	  The	  emission	  detector	  is	  then	  installed	   in	   the	   position	   of	   source	   1	   and	   re-­‐attached	   to	   the	   lock-­‐in	   array.	   The	  opening	   left	   by	   removal	   of	   the	   detector	   is	   used	   to	   introduce	   a	   laser	   beam	   for	  excitation	  of	  the	  sample.	  The	  mounts	  for	  each	  component	  were	  engineered	  with	  this	   type	   of	   flexibility	   in	   mind	   and	   the	   transformation	   is	   relatively	  straightforward,	   taking	   about	   10	   minutes	   to	   complete.	   Figure	   2.8	   is	   the	  schematic	  of	  the	  spectrometer	  set	  up	  for	  emission	  experiments.	  
	  
Figure	   2.8:	   Schematic	   of	   the	   instrument	   in	   emission	   mode.	   A	   polariser	   Pex	   and	   spatial	  polarisation	  scrambler	  S	  were	  placed	  in	  the	  excitation	  beam.	  For	  CPL	  experiments,	  the	  filter	  (F)	  was	  moved	  to	  the	  right	  of	  the	  modulator	  (M)	  (see	  section	  3.3.1).	  	  In	  emission	  mode,	  excitation	  comes	  from	  the	  laser	  source	  and	  the	  sample	  is	  now	  the	  light	  source	  of	  interest.	  Optics	  between	  the	  sample	  and	  the	  detector	  are	  not	  changed	   from	   absorption	  mode—the	   emission	   beam	   therefore	   encounters	   the	  modulator	  and	  then	  the	  polariser.	  When	  used	  this	  order,	  these	  two	  elements	  act	  to	   transmit	  (or	   analyse)	   LCP	   and	  RCP	   alternately	   (section	   2.3).	   A	   filter	   is	   now	  used	  to	  block	  laser	  light	  from	  entering	  the	  monochromator.	  A	  polariser	  Pex	  and	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spatial	  polarisation	  scrambler	  S	  are	  placed	  in	  the	  excitation	  beam	  path	  to	  ensure	  that	   sample	   excitation	   is	   not	   polarisation-­‐selective.	   The	   importance	   of	   this	   is	  detailed	  further	  in	  Chapter	  3.	  	  	  	  In	   emission	   experiments,	   high	   gain	   and	   low	   dark	   noise	   are	   often	   the	   most	  desirable	  detector	  characteristics	  while	  polarisation	  sensitivity	  is	  a	  smaller	  issue	  because	  the	  detector	  only	  ‘sees’	  one	  polarisation.	  As	  a	  result,	  different	  PMTs	  are	  commonly	  used	   for	  emission	  and	  absorption	  experiments.	  Crystals	  of	  GaAs	  are	  often	   the	   best	   photocathode	   materials	   for	   emission,	   and	   the	   Hamamatsu	  R943-­‐02	   has	   usually	   been	   used	   for	   high-­‐sensitivity	   fluorescence	  experiments.68,81	   The	   very	   low	   dark	   noise	   of	   this	   PMT	   allows	   low	   levels	   of	  excitation	   light	   to	   be	   used.	   For	   the	   CPL	   application	   however,	   quite	   high	   light	  levels	  and	  long	  collection	  times	  (~10–30	  mins,	  see	  section	  2.2.3)	  were	  needed	  to	  achieve	  acceptable	  signal-­‐to-­‐noise.	  The	  stability	  of	  the	  R943-­‐02	  was	  found	  to	  be	  unacceptable	  in	  this	  situation,	  exhibiting	  light	  hysteresis106	  of	  up	  to	  20%	  over	  15	  minutes	   under	   the	   illumination	   conditions	   required.	   At	   these	   light	   levels	   the	  R943-­‐02	   had	   no	   signal-­‐to-­‐noise	   advantage	   over	   the	   R669.	   The	   R669	   PMT	   had	  near-­‐perfect	   stability	   under	   the	   same	   conditions,	   and	   was	   therefore	   used	   for	  both	  absorption/CD	  and	  emission/CPL	  experiments.	  	  The	  measured	   fluorescence	   intensity	   is	  affected	  by	  numerous	   factors	   including	  excitation,	  detection	  and	  several	  sample	  parameters.	  If	  care	  was	  taken	  to	  control	  all	   these	   factors,	   fluorescence	   intensities	   were	   reproducible	   within	   ~5%.	   In	  general	  though,	  fluorescence	  yields	  are	  not	  comparable	  between	  samples.	  	  	  
	  
2.2.3.	  	  	  Measurement	  parameters	  	  	  To	  achieve	  useful	  signal	  to	  noise	  (S/N)	  ratios	  for	  CD	  and	  CPL	  spectra,	  significant	  averaging	   was	   required.	   Two	   different	   types	   of	   averaging	   were	   used.	   First,	  during	   each	   scan	   multiple	   readings	   are	   taken	   of	   the	   lock-­‐in	   outputs	   at	   each	  wavelength.	   Typically	   100	   readings	   were	   taken	   at	   each	   wavelength,	   and	   a	  wavelength	   step	   of	   0.1	   nm	   was	   used.	   This	   resulted	   in	   a	   scan	   rate	   of	   about	  5	  nm/minute.	   This	   number	   of	   readings	   did	   not	   generally	   provide	   satisfactory	  S/N.	  However,	   spectra	  can	  change	  under	   illumination,	  as	  explored	   in	  detail	   for	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each	   sample	   in	   Chapters	   4–6.	   This	   makes	   a	   larger	   number	   of	   readings	   (and	  reduced	   scan	   rate)	   undesirable,	   particularly	   for	   CPL	   where	   relatively	   strong	  illumination	   was	   required	   to	   achieve	   acceptable	   S/N	   in	   any	   reasonable	  timeframe.	   Therefore	   for	   CPL,	   multiple	   scans	   were	   taken	   and	   averaged.	   This	  provides	  additional	  information	  on	  the	  effects	  of	  illumination	  on	  the	  sample,	  and	  avoids	   major	   distortions	   of	   the	   spectra	   due	   to	   these	   effects.	   For	   low-­‐fluence	  emission	  spectra	  where	  no	  CPL	  was	  measured,	  scan	  rates	  were	  ~30	  nm/minute.	  Details	   of	   the	   total	   illumination	   for	   the	   CPL	   of	   each	   sample	   accompany	   the	  spectra	  in	  Chapters	  4–6.	  	  The	  SM4	  cryostat	  is	  equipped	  with	  a	  superconducting	  magnet,	  which	  enables	  the	  sample	   to	   be	   placed	   in	   a	   stable	   magnetic	   field	   of	   up	   to	   ±5	   T.	   This	   induces	  additional	  magnetic	  circular	  dichroism	  (MCD)	  and	  magnetic	  circular	  polarisation	  of	   luminescence	   (MCPL).107	   The	  MCD	   and	  MCPL	   spectra	  were	   not	   used	   in	   this	  work,	   however	   use	   of	   the	   magnetic	   field	   provides	   an	   additional	   means	   of	  verifying	  the	  CD	  and	  CPL	  spectra.	  This	  is	  because	  measurement	  of	  the	  total	  CD	  of	  a	   sample	   in	   a	   positive	  magnetic	   field	   (defined	   as	   in	   the	   same	   direction	   as	   the	  light	  path)	  gives	  a	  spectrum	  that	  reflects	  the	  sum,	  CD	  +	  MCD,	  while	  in	  a	  negative	  field	   the	  measurement	  gives	   the	  difference,	  CD	  –	  MCD.	  Therefore,	  addition	  of	  a	  measurement	   in	   positive	   field	   to	   that	   in	   a	   negative	   field	   gives	   double	   the	   CD	  spectrum.	  The	   same	  applies	   in	   emission,	   for	   the	  CPL	  and	  MCPL.	  Typically,	  2–4	  scans	  were	   performed	   (and	   averaged)	   in	   +5	  T	   field,	   then	   the	   same	  number	   of	  scans	   in	   –5	   T	   field,	   then	   1–2	   scans	   in	   zero	   field.	   The	   CD	   and	   CPL	   was	   thus	  determined	   by	   two	   different	   but	   equivalent	   measurements:	   first	   by	   (half)	   the	  sum	  of	  the	  ±5	  T	  spectra,	  and	  second	  by	  the	  measurement	  in	  zero	  field.	  	  	  The	  CPL	  determined	  by	  the	  two	  methods	  was	  identical	  (within	  the	  noise)	  for	  all	  the	  spectra	  presented	  here.	  In	  poor	  CPL	  samples	  the	  two	  methods	  did	  not	  always	  give	   identical	   spectra,	   probably	   because	   of	   small,	   field-­‐induced	  movements	   of	  the	  cryostat,	  and	  therefore	  of	  the	  sample	  relative	  to	  the	   light	  path.	  Polarisation	  artifacts	  are	  a	  major	  challenge	  in	  low-­‐temperature	  CPL	  spectroscopy;	  the	  small	  movements	   may	   influence	   processes	   that	   affect	   the	   polarisation	   (for	   example	  reflection	  of	  light	  off	  cracks	  in	  the	  sample;	  see	  Chapter	  3	  for	  discussion	  of	  these	  processes).	  Although	  it	  does	  not	  guarantee	  artifact-­‐free	  CPL	  spectra,	  consistency	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between	  the	  two	  methods	  provides	  some	  degree	  of	  verification	  that	  the	  spectra	  do	  not	  contain	  artifacts.	  	  
2.2.4.	  	  	  Excitation	  parameters	  for	  fluorescence/CPL	  spectroscopy	  	  	  As	   PSII	   is	   strongly	   photochemically	   active,	   the	   rate	   of	   excitation	   of	   individual	  complexes	   is	   an	   important	   experimental	   parameter.	  Most	   fluorescence	   spectra	  were	  excited	  at	  514	  nm;	  the	  molar	  extinction	  of	  the	  spinach	  PSII	  core	  complex103	  at	   this	   wavelength	   is	   about	   500,000	   M–1	   cm–1.	   The	   corresponding	   absorption	  cross-­‐section72	  σ	   is	  1.9×10–15	  cm2/(M–1	  cm–1).	   In	  a	   typical	   low-­‐fluence	  emission	  experiment	   (for	   example,	   Figure	   6.5)	   the	   excitation	   power	   was	   of	   the	   order	  0.1	  mW/cm2	   at	   514	   nm,	   corresponding	   to	   a	   photon	   flux	   φ	   of	   around	  3×1014	  cm-­‐2	  s–1.	   The	   rate	   of	   excitation,	  φσ,	   is	   therefore	   about	   0.5	   photons	   per	  second	  absorbed	  by	  each	  PSII	  core.108	  In	  CPL	  experiments	  the	  excitation	  power	  was	  around	  50	  mW/cm2,	  so	  the	  average	  excitation	  rate	  was	  about	  300	  photons	  per	  complex	  per	  second.	  The	  actual	  excitation	  rate	  of	  individual	  complexes	  could	  be	   significantly	   higher	   if	   spectral	   broadening	   at	   the	   excitation	   wavelength	   is	  dominantly	  inhomogeneous.	  However,	  the	  β-­‐carotenes	  that	  dominate	  absorption	  at	  this	  wavelength	  have	  very	  short	  (sub-­‐picosecond)	  lifetimes	  due	  to	  fast	  energy	  transfer	  to	  chlorophyll,	  so	  this	  is	  unlikely	  to	  be	  the	  case.109	  	  	  The	   laser	  source	  was	  an	  Ar+	   laser.	  The	  beam	  was	  reflected	  off	  a	  Littrow	  prism,	  and	  then	  propagated	  ~8	  metres	  prior	  to	  entering	  the	  sample	  chamber.	  As	  well	  as	  eliminating	   unwanted	   components	   of	   the	   laser	   light,	   dispersion	   over	   the	   long	  propagation	   distance	   results	   in	   a	   large	   beam	   area	   at	   the	   sample,	   which	   is	  desirable	   for	   uniform	   excitation	   of	   the	   sample.	   The	   beam	   area	   varied	   slightly	  from	   day	   to	   day,	   between	   ~0.7–1.0	   cm2	   (due	   to	   small	   variations	   in	   the	   laser	  mode).	  An	  area	  of	  0.85	  cm2	  was	  assumed	  for	  all	  excitation	  rate	  calculations,	  so	  an	  error	  of	  about	  15%	  is	  present	  in	  calculations	  of	  incident	  fluence	  due	  to	  error	  in	   the	   estimate.	   Inspection	   by	   eye	   of	   fluorescence	   induced	   by	   the	   beam	  suggested	  that	  the	  round	  spot	  was	  spatially	  uniform	  in	  its	  intensity.	  However	  the	  implicit	   assumption	   in	   these	   calculations—that	   the	   beam	   is	   uniform	   and	   all	  centres	  receive	  the	  same	  fluence—is	  an	  approximation	  only.	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2.3	  	  Circularly	  Polarised	  Light:	  Theory,	  generation	  and	  detection	  
	  
2.3.1.	  	  	  Definitions	  	  The	   usual	   convention	   in	   optics	   and	   spectroscopy	   is	   followed	   here:	   circular	  polarisation	   is	   right-­‐handed	   if	   the	   electric	   field	   vector	   rotates	   clockwise	  when	  viewed	   by	   the	   receiver.	   The	   opposite	   convention	   is	   followed	   in	   a	   few	   fields	  including	   particle	   physics.	   It	   is	   conventional	   to	   assign	   the	   experimental	   light	  path	   as	   the	   positive	   z-­‐axis;	   the	   x	   and	   y	   axes	   are	   then	   chosen	   under	   the	   right-­‐handed	  Cartesian	  system.	  In	  the	  laboratory,	  the	  x	  and	  y-­‐axes	  were	  defined	  as	  	  follows.	  When	  the	  page	  is	  held	  vertically:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  =	   Positive	   y	   axis;	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  =	  positive	  x	  axis	  	  	  The	  positive	  z	  axis	  (and	  hence	  the	  beam	  path)	  is	  then	  pointing	  out	  of	  the	  page.	  If	  the	   beam	   direction	   is	   reversed	   the	   same	   conventions	   are	   maintained—the	  direction	   of	   the	   positive	   z	   axis	   is	   therefore	   reversed	   and	   the	   x	   and	   y	   axes	   are	  swapped.	  	  	  The	  electric	   field	  vector	   for	   a	   light	  wave	  of	   any	  non-­‐mixed	  polarisation	   can	  be	  described	  as	  the	  sum	  of	  two	  oscillations	  along	  orthogonal	  axes.	  Choosing	  these	  principal	  axes	  as	  the	  x	  and	  y-­‐axes,	  the	  oscillations	  of	  the	  two	  components	  Ex	  and	  
Ey	  are	  given	  by	  	  	  	   !! =   !! cos ω! − !z ∙ !                                                                                                                                                                       (2.1)	  	   !! =   !! cos ω! − !z+ !! ∙ !                                                                                                                                                 (2.2)	  	  where	  Ax	  and	  Ay	  are	  the	  respective	  amplitudes	  of	   the	  x	  and	  y	  components,	  ω	   is	  the	   frequency,	   ϕy	   is	   the	   phase	   difference	   between	   the	   components,	   and	   hats	  denote	  unit	  vectors.	  From	  Equation	  2.2	  it	  can	  be	  seen	  that	  an	  increase	  in	  ϕy	  has	  the	  same	  effect	  as	  an	  increase	  in	  ωt.	  Therefore	  in	  these	  equations,	  a	  positive	  sign	  of	   ϕy	   means	   that	   the	   y-­‐polarised	   component	   leads	   the	   x	   component	   by	   ϕy	  radians.	  Passing	  a	  beam	  through	  a	  vertical	  polariser	  sets	  Ax	  =	  Ay	  and	  ϕy	  =	  0.	  The	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value	  of	  ϕy,	  and	  hence	  the	  polarisation,	  can	  then	  be	  adjusted	  using	  a	  birefringent	  element	  with	   its	  principle	  axes	  at	  45°	   to	   the	  polariser,	   this	   is	   achieved	  using	  a	  photoelastic	   modulator.	   The	   relationships	   between	   phase	   shift	   ϕy	   and	  polarisation	  under	  our	  conventions	  is	  given	  in	  Table	  2.3.	  	  
	  
Table	   2.3:	   	   Phase	   lead	   of	   y	   component	   (ϕy)	   in	   radians,	   and	   resulting	   polarisation	   for	   a	  wave	  traveling	  along	  the	  positive	  z	  axis	  under	  the	  defined	  laboratory	  coordinates.	  






–π	  <	  ϕy	  <	  –π/2	   ‘Left-­‐horizontal’	  elliptical	   0	  <	  ϕy	  <	  π/2	   ‘Right-­‐vertical’	  elliptical	  –π/2	   Left	  circular	   π/2	   Right	  circular	  
–π/2	  <	  ϕy	  <	  0	   ‘Left-­‐vertical’	  elliptical	   π/2	  <	  ϕy	  <	  π	   ‘Right-­‐horizontal’	  elliptical	  0	   Vertical	   π	   Horizontal	  
	  
2.3.2.	  	  	  The	  Photoelastic	  Modulator	  (PEM)	  	  In	   absorbance	   mode,	   after	   wavelength	   selection	   the	   beam	   passes	   through	   a	  linear	  polariser	  (P)	   then	  through	  a	  photoelastic	  modulator	  (PEM;	   labelled	  M	  in	  Figure	   2.7).	   The	   PEM	   is	   made	   of	   fused	   silica,	   a	   material	   that	   exhibits	   strain–induced	   birefringence,	   or	   photoelasticity.110	   A	   piezoelectric	   material,	  mechanically	  coupled	  to	  the	  silica	  block,	  is	  used	  to	  apply	  a	  periodic	  stress	  to	  the	  block	   at	   its	   resonance	   frequency,	  which	  was	   50	   kHz	   for	   the	   PEM	   used	   in	   this	  work.	  The	  block	  vibrates	  resulting	  in	  a	  periodic	  strain	  and	  birefringence,	  which	  changes	  the	  optical	  path	  length	  travelled	  by	  the	  x	  and	  y	  components	  and	  creates	  a	  phase	  shift	  ϕy.	  The	  components	  of	  strain	  along	  the	  primary	  axes	  of	  the	  quartz	  block,	   which	   are	   at	   45°	   to	   the	   polariser,	   vary	   as	   a	   sine	   wave	   about	   zero.	  Therefore	  ϕy	  varies	  similarly	  and	  if	  the	  magnitude	  of	  the	  sine	  wave	  (and	  thus	  of	  the	   retardation	   ϕy)	   is	   chosen	   appropriately,	   LCP	   and	   RCP	   are	   alternately	  produced.	  The	  theory	  and	  practice	  of	  PEM	  operation	  was	  discussed	  by	  Hipps	  and	  Crosby.111	  The	  phase	  retardation	  induced	  by	  the	  PEM,	  ϕy,	  is	  proportional	  to	  the	  strain	  (see	  Appendix	  B)	  and	  is	  given	  by:	  	  	  	   !! t =   !!"# sin 2!!!"#t                                                                                                                                                           (2.3)	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where	  ϕmax	   is	   the	  maximum	   retardation	   in	   radians	   of	   the	   y	   component	   of	   the	  beam.	   To	   generate	   CP	   light,	   the	   desired	   value	   of	   ϕmax	   is	   π/2	   radians.	   The	  required	   phase	   shift	   is	   maintained	   using	   a	   resistor,	   coupled	   to	   the	  monochromator	   to	  decrease	   linearly	  with	   the	  wavelength	  such	   that	  ϕmax	   is	   the	  same	   at	   all	   wavelengths.	   (In	   practice	   a	   slightly	   higher	   value	   than	  π/2	   is	   used	  which	   results	   in	   a	   ‘squarer’	  waveform	   that	   is	   detected	  more	   efficiently	   by	   the	  lock-­‐in	   amplifier;	   the	  measurement	   remains	   accurate	   if	   calibrated	   correctly	   as	  described	  in	  Appendix	  B).	  	  
2.3.3.	  	  	  The	  CD	  experiment	  	  In	   the	   CD	   experiment,	   the	   polariser	   (P	   in	   Figure	   2.7)	   ensures	   that	   linearly	  polarised	   light	   is	   incident	   on	   the	  modulator.	   If	   P	   is	   oriented	   to	   pass	   vertically	  polarised	  light,	  the	  intensities	  exiting	  the	  modulator	  of	  vertical,	  horizontal,	  right	  circular	  and	  left	  circular	  polarisations	  as	  functions	  of	  the	  phase	  shift	  ϕy	  are	  given	  by:	  	   	  	   I! t = 0.5  I!!    1+ cos!!                                                                                                                                                               (2.4a)	  	   I! t = 0.5  I!!    1− cos!!                                                                                                                                                               (2.4b)	  	   I! t = 0.5  I!!    1− sin!!                                                                                                                                                                 (2.4c)	  	   I! t = 0.5  I!!    1+ sin!!                                                                                                                                                                 (2.4d)	  	  where	  I!!   is	  the	  total	  intensity	  incident	  on	  the	  modulator	  and	  reflection	  losses	  are	  ignored.	  Equation	  2.4a	   is	  equivalent	   to	  equation	  10	  of	  Hipps	  &	  Crosby,111	  with	  the	  angle	  between	  polarisation	  and	  modulation	  axes	  set	  at	  45°.	  	  	  Figure	   2.9	   shows	   the	   time	   dependence	   of	   LCP	   (IL),	   RCP	   (IR)	   and	   their	   sum,	  plotted	  via	  equations	  2.4c	  and	  2.4d,	  over	  1.5	  modulator	  cycles.	  Since	  ϕy	  is	  given	  by	   equation	   2.3	   with	   ϕmax	   =	   π/2, the frequency	   of	   oscillation	   for	   circular	  polarisations	  is	  equal	  to	  that	  of	  the	  modulator,	  ωPEM.	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either	  positive	  or	  negative	  depending	  on	  the	  reference	  phase—it	  is	  important	  to	  identify	  whether	  the	  CP	  output	  reflects	  IL	  –	  IR	  or	  IR	  –	  IL.	  The	  signal	   from	  the	  CP	  lock-­‐in	  is	  proportional	  to	  this	  difference,	  but	  the	  constant	  of	  proportionality	  can	  be	   varied	   arbitrarily	   using	   a	   resistive	   voltage	   divider	   placed	   between	   the	   CP	  output	  and	  heterodyne	  input;	  this	  resistance	  is	  used	  to	  calibrate	  the	  magnitude	  of	  the	  CP	  output.	  	  	  Sign	   and	   magnitude	   calibration	   were	   performed	   using	   standard	   samples,	  including	   samples	   of	   known	   CD	   and	   a	   circularly	   polarising	   Polaroid	   film	  with	  near	  100%	  absorption	  of	  LCP,	  as	  detailed	  in	  Appendix	  B.	  In	  principle	  the	  sign	  can	  also	  be	   calibrated	  using	   the	  known	  photoelastic	  properties	  of	   fused	   silica;	   this	  was	   part	   of	   the	   initial	   analysis	   of	   Hipps	   &	   Crosby.111	   Surprisingly,	   when	   this	  calibration	  method	  was	  repeated	  during	  the	  current	  work	  a	   fundamental	  error	  was	  uncovered,	  which	  has	   resulted	   in	   the	  wrong	   sign	   for	   some	  CPL	  and	  MCPL	  spectra	  in	  the	  literature.	  This	  is	  also	  detailed	  in	  Appendix	  B.	  
	  
2.3.4.	  	  	  The	  CPL	  Experiment	  
	  In	   the	  CD	   experiment	  described	   above,	   vertically	   polarised	   light	   is	   incident	   on	  the	  modulator,	  which	   then	  generates	  LCP	  and	  RCP	   to	  probe	   the	  sample.	   In	   the	  CPL	  experiment	   (Figure	  2.8),	   the	  beam	  emitted	   from	  the	  sample	   is	   incident	  on	  the	   modulator,	   and	   of	   interest	   is	   the	   intensity	   of	   LCP	   and	   RCP	   in	   the	   beam.	  Elsewhere	  in	  this	  thesis,	  the	  RCP	  component	  of	  the	  emission	  beam	  is	  termed	  IR.	  Here	  it	  is	  termed	  I!! ,	  and	  we	  have	  for	  the	  time-­‐dependent	  transmitted	  intensities	  of	  each	  polarisation	  
	  	  	  	   I! t = 0.5  I!!    1+ cos!!                                                                                                                                                               (2.5a)	  	   I! t = 0.5  I!!    1− cos!!                                                                                                                                                               (2.5b)	  	   I! t = 0.5  I!!    1− sin!!                                                                                                                                                               (2.5c)	  	   I! t = 0.5  I!!    1+ sin!!                                                                                                                                                               (2.5d)	  
	  where	  I!! 	  is	   again	   the	   intensity	   of	   RCP	   striking	   the	   modulator.	   For	   the	   LCP	  component	  I!!  of	  the	  emission,	  L/R	  and	  V/H	  are	  swapped	  in	  the	  equations	  above,	  for	  example	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   I! t = 0.5  I!!   1− sin!!                                                                                                                                                         (2.5. c2)	  
	  After	  exiting	  the	  PEM	  the	  beam	  strikes	  the	  polariser	  (P	  in	  Figure	  2.8,	  still	  taken	  to	   be	   vertical).	   Then	   the	   intensity	   transmitted	   through	   the	   polariser	   (ignoring	  reflective	  losses,	  which	  are	  assumed	  the	  same	  for	  all	  polarisations)	  is	  the	  sum	  of	  equations	   2.5c	   and	   2.5.c2.	   If	   the	   sample	   emits	   LCP	   and	   RCP	   with	   the	   same	  intensity	  (I!!	  =	  I!!)	  then	  the	  total	   intensity	  will	  not	  vary	  with	  time,	  as	  on	  the	   left	  side	  of	  Figure	  2.9.	  	  If	  I!!	  ≠	  I!! 	  then	  the	  intensity	  will	  vary	  as	  shown	  on	  the	  right	  of	  Figure	  2.9.	  The	  average	  value	  of	  the	  sum	  IL	  +	  IR	  is	  recorded	  via	  the	  TL	  lock-­‐in.	  The	  value	   of	   the	   difference	   IL	   –	   IR	   is	   recorded	   via	   the	   Heterodyne	   lock-­‐in.	   These	  values	   relate	   directly	   to	   I	   and	   ΔI;	   as	   described	   in	   section	   1.3.5.	   The	   sign	   and	  magnitude	  calibration	  is	  described	  in	  Appendix	  B.	  
	  
2.3.5.	  	  	  Monitoring	  of	  linear	  polarisation	  	  	  To	   quantify	   the	   absence	   of	   artifacts	   from	   the	   CPL	   spectra,	   it	   was	   useful	   to	  monitor	   linear	  polarisation	  (LP)	   in	   the	  emission	  beam,	  which	   in	   these	  samples	  can	  arise	  due	  to	  either	  polarised	  excitation	  or	  to	  reflections	  within	  the	  sample	  or	  spectrometer	   (Chapter	  3).	  The	   linear	  polarisation	  of	   a	   light	  beam	   is	  defined	   in	  terms	  of	  the	  intensities	  I	  of	  two	  orthogonal	  linear	  polarisations:	  
	  	   LP = !∥ − !! !∥ + !! .                                                                                                                                                                          (2.6)	  	  We	  are	  not	  interested	  here	  in	  the	  linear	  anisotropy	  of	  emission,	  which	  is	  defined	  slightly	  differently	  to	  account	  for	  all	  light	  emitted	  by	  the	  sample.112	  	  	  After	   passing	   the	   PEM,	   vertical	   and	   horizontally	   polarised	   components	   of	   the	  initial	   fluorescence	   beam	   are	   transmitted	   by	   the	   vertical	   polariser	   with	   time	  dependence	  given	  by	  equations	  with	  the	  form	  of	  2.4a	  and	  2.4b.	  These	  vary	  with	  frequency	   of	   2ωPEM,	   that	   is,	   double	   the	   frequency	   of	   the	   circular	   polarisation	  signal111	   (Appendix	   B,	   Figure	   B2)	   The	   Linear	   Polarisation	   lock-­‐in	   (Figures	   2.7,	  2.8)	  was	  added	  to	  detect	  this	  signal.	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The	  precise	  magnitude	  of	  the	  LP	  was	  not	  of	  interest	  except	  to	  ensure	  that	  it	  was	  well	   below	   the	   value	   that	   could	   cause	   significant	   CPL	   artifacts—in	   section	   3.3	  this	   value	   is	   shown	   to	   be	   about	   0.0035	   (by	   measuring	   artifactual	   CPL	   with	  controlled	  LP	  in	  the	  emission	  beam).	  The	  LP	  signal	  in	  the	  range	  of	  interest	  was	  calibrated	   using	   the	   known	   differential	   reflection	   of	   an	   angled	   quartz	   plate	   as	  described	   by	   Norden	   &	   Seth.113	   The	   LP	   was	   monitored	   during	   all	   CPL	  experiments,	  by	  reading	  directly	  off	  the	  lock-­‐in	  display.	  With	  good	  samples	  and	  careful	   alignment	   of	   the	   excitation	   beam,	   it	   was	   relatively	   straightforward	   to	  keep	  the	  LP	  below	  0.001.	  	  	  The	   origin	   of	   LP	   in	   the	   fluorescence	   and	   transmission	   beams	   is	   discussed	   in	  more	  detail	   in	  Chapter	  3.	  A	  brief	  discussion	  of	   the	  LP	  signal	  and	   its	  calibration	  are	   given	   in	  Appendix	  B.	   It	  must	  be	  noted	   that	   LP	   can	  only	  be	  detected	   in	   the	  same	  axis	  as	  the	  polariser	  (P	  in	  Figures	  2.7	  and	  2.8).	  In	  the	  final	  CPL	  procedure,	  both	   the	   modulator	   and	   polariser	   were	   rotated	   by	   45°	   from	   vertical.	   This	  enabled	  the	  measurement	  of	  LP	  along	  the	  x/y	  axes,	  and	  was	  done	  because	  these	  polarisations	  were	  a	  dominant	  cause	  of	  CPL	  artifacts	  (section	  3.3).	  
	  
	  
2.4	  	  	  Sample	  Preparation	  	  The	   methods	   and	   protocols	   described	   here	   apply	   to	   all	   samples	   used	   in	   this	  thesis.	   Details	   of	   preparation	   and	   experimental	   procedure	   specific	   to	   different	  proteins	  are	  described	  in	  the	  relevant	  chapters.	  Some	  additional	  measures	  were	  found	  to	  be	  required	  for	  reliable	  CPL	  spectroscopy;	  these	  are	  given	  at	  the	  end	  of	  Chapter	  3.	  	  
2.4.1.	  	  	  Preparation	  of	  samples	  for	  spectroscopy.	  	  Preparing	  samples	  of	  high	  optical	  quality	  is	  a	  critical	  aspect	  of	  low-­‐temperature	  CD	   spectroscopy,	   because	   strain,	   cracks	   and	   bubbles	   can	   all	   dramatically	   alter	  the	  transmission	  and/or	  polarisation	  of	  light	  passing	  through	  the	  sample.	  Optical	  quality	   of	   the	   sample	   was	   found	   to	   be	   even	   more	   important	   for	   CPL	  spectroscopy,	   because	   there	   is	   no	   reliable	   method	   of	   baseline	   subtraction.	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Substantial	   efforts	   had	   been	   made	   previously	   in	   the	   Krausz	   laboratory	   to	  address	   these	   problems	   for	   CD	   spectroscopy,	   and	   this	   project	   benefited	   from	  that	   work.	   In	   particular,	   the	   side	   loading	   ‘split	   cell’,	   described	   by	   Hughes	   and	  Krausz41,48	   and	   used	   previously	   to	   obtain	   very	   high	   quality	   CD	   spectra65,102,114	  was	  critical	  to	  preparing	  samples	  for	  CPL.	  	  The	  cells	  consist	  of	  two	  quartz	  plates	  bonded	  to	  two	  thin	  titanium	  strips	  in	  such	  a	  way	   that	   they	   are	   held	   apart	   by	   200–300	  µm.	  This	   is	   sufficiently	   thin	   that	   a	  slightly	  viscous	  aqueous	  solution	  remains	  in	  the	  cell	  due	  to	  surface	  tension.	  The	  sample	  is	  injected	  into	  the	  cell	  using	  a	  syringe	  or	  pipette;	  with	  due	  care	  bubbles	  and	  ‘wicking’,	  (where	  an	  over-­‐filled	  sample	  escapes	  due	  to	  the	  release	  of	  surface	  tension)	   can	   usually	   be	   avoided.	   The	   metal	   strips	   are	   thin	   enough	   to	   expand	  slightly	   and	   alleviate	   the	   strain	   that	   occurs	   due	   to	   expansion	   upon	   freezing	   of	  aqueous	  solutions.	  	  Samples	  were	   stored	  either	  at	  77	  K	   in	   liquid	  nitrogen	  or	  at	  193	  K	   in	  a	   freezer	  until	   use.	   After	   thawing	   on	   ice	   in	   the	   dark	   over	   ~20	   minutes,	   samples	   were	  diluted	  (if	  necessary)	  with	  the	  appropriate	  buffer,	  then	  a	  glassing	  agent	  (1:1	  v/v	  ethylene	  glycol-­‐glycerol)	  was	  added	  such	  that	  the	  glassing	  agent	  was	  40–50%	  of	  the	   mixture	   by	   volume.	   No	   samples	   were	   stored	   with	   glassing	   agent	   (except	  where	  noted	   for	  an	  old	  sample,	  Figure	  3.10).	  The	  sample	  was	   injected	   into	   the	  split	  cell,	  mounted	  on	  a	  sample	  rod	  and	  plunged	  into	  the	  cryostat.	  	  	  The	  volume	  of	  glassing	  agent	  required	  for	  sufficient	  viscosity	  and	  optical	  quality	  in	   the	   split	   cells	   varied	  with	   protein	   concentration:	  more	   highly	   concentrated	  samples	  required	  less	  glassing	  agent.	  Increasing	  the	  proportion	  of	  glassing	  agent	  generally	   reduced	   the	   cracking	   of	   the	   sample	   upon	   freezing.	   This	   reduces	   the	  scattering	  and	  reflections	  which	  occur	  at	  crack	  interfaces,	  but	  crack-­‐free	  samples	  were	   much	   more	   likely	   to	   have	   significant	   strain.	   There	   is	   thus	   a	   trade-­‐off	  between	   strain	   and	   scattering,	  which	   can	   be	   somewhat	   controlled	   by	   glassing	  agent	   and	   protein	   concentration.	   All	   these	   parameters	   can	   affect	   the	  fluorescence	  and	  CPL	  spectra,	  as	  investigated	  in	  detail	  in	  Chapter	  3.	  High	  protein	  concentrations	   increase	   the	   likelihood	   of	   aggregation,	   which	   affects	   optical	  properties	  of	  antenna	  complexes.63,115	  In	  the	  case	  of	  CP47,	  the	  effects	  of	  sample	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storage	   and	   preparation	   on	   optical	   spectra	   remain	   under	   debate	   and	   are	  discussed	  in	  Chapter	  5.	  	  
2.4.2.	  	  	  Sample	  concentration	  	  The	   precise	  molar	   concentration	   of	   a	   photosynthetic	   complex	   is	   not	   trivial	   to	  determine	   because	   the	   peak	   molar	   extinction	   coefficient	   must	   generally	   be	  determined	   on	   a	   case-­‐by-­‐case	   basis.116	   Exact	   protein	   concentrations	   are	   often	  not	   essential,	   and	   in	   this	   work	   the	   common	   approach	   is	   used	   of	   referring	   to	  sample	   concentration	   in	   units	   of	   milligrams	   of	   chlorophyll	   per	   mL	   of	   sample	  (colloquially	   termed	   “mg/mL	   chlorophyll”).	   At	   room	   temperature	   the	   Qy	  absorption	   peak	   of	   chlorophyll	   a	   (molecular	  mass	   893.5	   g	  mol–1)	   has	   a	  molar	  extinction	  coefficient117	  of	  about	  75,000	  L	  mol–1	  cm–1.	  The	  optical	  density	  (OD)	  of	  samples	   containing	  1	  mg/mL	  chlorophyll	  a	   is	   therefore	  about	  1.7	   in	  a	  200	  µm	  split	   cell.	   The	   molar	   concentration	   of	   pigment-­‐protein	   complexes	   present	   can	  then	  be	  estimated	  if	  desired	  using	  the	  number	  of	  pigments	  per	  complex.	  For	  CPL	  samples,	  OD	  was	  0.1	  to	  0.4	  in	  the	  Qy	  maximum,	  or	  chlorophyll	  concentration	  of	  around	  0.06	  to	  0.24	  mg/mL.	  	  Somewhat	  confusingly,	  the	  chlorophyll	  concentration	  of	  photosynthetic	  protein	  preparations	  is	  sometimes	  given	  in	  units	  of	  optical	  density	  (OD).67	  This	  is	  taken	  to	   mean	   the	   per-­‐centimetre	   OD	   in	   the	   Qy	   maximum	   at	   room	   temperature.	   A	  sample	  referred	  to	  as	  “OD	  85”	  has	  about	  1	  mg/mL	  chlorophyll.	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Chapter	  3:	  	   The	  Challenges	  of	  Low-­‐Temperature	  CPL	  	  
	   	   	   Spectroscopy	  	  	  
3.1	   Introduction	  
	  This	  chapter	  details	  the	  measurement	  artifacts	  that	  were	  encountered	  in	  CD	  and	  CPL	  spectra	  during	   the	   course	  of	   the	  work.	  The	  potential	   for	   artifacts	   in	   solid-­‐state	   CD	   spectroscopy	   is	   well	   known,118-­‐120	   but	   has	   not	   always	   been	  appropriately	  acknowledged	  by	  the	  PSII	  community.	  Section	  3.2	  is	  an	  attempt	  to	  address	   this.	   It	   is	   shown	   that	   with	   care,	   CD	   artifacts	   can	   be	   corrected	   for	   by	  monitoring	   the	   apparent	   CD	   in	   a	   region	   of	   zero	   absorption.	   Similar	   artifacts	  affect	   CPL	   spectra,	   where	   they	   present	   a	   greater	   challenge	   because	   it	   is	   not	  possible	  to	  take	  baseline	  measurements	  in	  a	  region	  of	  zero	  emission.	  	  	  One	   of	   these	   CPL	   artifacts	   is	   well	   known:	   artifactual	   circular	   polarisation	   can	  arise	  in	  emission	  beams	  due	  to	  the	  combination	  of	  linear	  polarisation	  and	  strain	  birefringence,	  which	  was	  discussed	  in	  the	  previous	  chapter.	  Investigations	  were	  carried	   out	   on	   artifactual	   CPL	   signals	   in	   solutions	   at	   room	   temperature	   in	   the	  1980s.60,61	  In	  these	  systems,	  linear	  polarisation	  can	  arise	  from	  photoselection	  of	  pigments	  by	  polarised	  excitation	  under	  conditions	  where	  rotational	  relaxation	  is	  not	  complete	  before	  emission.61	  The	  main	  source	  of	  birefringence	  was	  found	  to	  be	   a	   small	   static	   strain	   birefringence	   typically	   present	   in	   photoelastic	  modulators.60,61	  	  In	   solid-­‐state	   CPL	   more	   care	   is	   required	   to	   control	   the	   polarisation	   of	   the	  excitation	  beam,	  because	  at	  low	  temperatures	  molecules	  do	  not	  rotate.	  Recently,	  artifacts	  in	  CPL	  of	  crystals	  were	  analysed	  by	  Harada	  et	  al.62	  The	  artifacts,	  which	  arise	  dominantly	  from	  the	  large	  anisotropy	  of	  such	  samples,	  were	  quantified	  by	  measuring	  the	  CPL	  of	  the	  crystal	  at	  different	  orientations.	  This	  is	  not	  an	  option	  in	  the	  current	  apparatus,	  but	  the	  samples	  are	  glass,	  not	  crystalline,	  and	  should	  be	  anisotropic.	   However,	   low	   temperature	   glass	   samples	   tend	   to	   become	   both	  strained	  and	  cracked	  upon	  freezing.	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The	  thin	  sample	  cells	  used	  in	  this	  work	  result	  in	  samples	  that	  are	  close	  to	  strain-­‐free,	  but	  which	  do	  exhibit	  fine	  cracks	  that	  can	  potentially	  alter	  the	  polarisation,	  by	   reflection	   and/or	   scattering	   processes	   at	   the	   crack	   interfaces.	   Further,	   the	  vacuum	  cryostat	  used	  inherently	  possesses	  significant	  strain	  in	  the	  optical	  path,	  due	   to	   the	   vacuum	  windows.	  These	   two	   factors	   interact	   to	  produce	   significant	  challenges	   in	   obtaining	   reproducible	   spectra,	   which	   may	   in	   part	   explain	   the	  near-­‐absence	   of	   low	   temperature	   CPL	   in	   the	   literature.	   In	   any	   CPL	   study,	   it	   is	  essential	  to	  demonstrate	  that	  artifacts	  are	  substantially	  lower	  than	  the	  signal	  of	  interest.	  The	  emission	  bands	  studied	  in	  this	  work	  have	  ΔI/I	  of	  the	  order	  10–3.	  	  	  In	   all,	   four	   separate	   artifacts	  were	   found	   to	   significantly	   affect	   CPL	   spectra	   of	  photosynthetic	   protein	   samples	  when	   using	   the	   setup	   described	   in	   Chapter	   2.	  These	  are	  described	   in	  Section	  3.3,	   and	  briefly	  discussed	  with	   reference	   to	   the	  CPL	   literature	   in	   section	   3.4.	   A	   revised	   experimental	   procedure	   for	   the	  measurement	   and	   treatment	   of	   CPL	   spectra,	   and	   an	   assessment	   of	   possible	  artifacts	  that	  may	  remain,	  is	  presented	  in	  Section	  3.5.	  The	  aim	  of	  this	  chapter	  is	  not	   to	   fully	   quantify	   the	   artifacts,	   but	   rather	   to	   understand	   their	   origins	   and	  behaviour	  well	  enough	  to	  enable	  reduction	  to	  negligible	  or	  predictable	  levels.	  	  	  
3.1.1.	  	  	  Optical	  quality	  of	  samples	  	  The	   preparation	   of	   samples	   in	   “split	   cells”48	   of	   path	   length	   200–300	   μm	   was	  described	  in	  section	  2.4.	  When	  dilute	  samples	  were	  prepared	  for	  CPL	  with	  50%	  glassing	   agent	   then	   frozen	   into	   liquid	   nitrogen	   or	   helium,	   a	   honeycomb-­‐like	  network	   of	   fine	   cracks	   was	   visible.	  When	   the	   sample	   was	   viewed	   via	   a	   beam	  transmitted	   through	   the	   sample	   (using	   Source	   2	   in	   Figure	   2.7)	   the	   cracks	  appeared	   slightly	   darker	   than	   the	   rest	   of	   the	   sample,	   indicating	   that	  transmission	  light	  was	  lost	  at	  the	  cracks.	  When	  the	  emission	  beam	  was	  viewed	  (through	   laser	   goggles	   that	   block	   the	   excitation	   light),	   the	   cracks	   appeared	  brighter	  than	  the	  rest	  of	  sample,	   indicating	  that	  additional	   fluorescence	   light	   is	  collected	   due	   to	   the	   cracks.	   These	   effects	   are	   of	   limited	   importance	   in	   CD	  spectroscopy	  (section	  3.2)	  but	  have	  a	  major	  influence	  on	  the	  CPL	  measurement,	  which	  is	  investigated	  later	  in	  this	  chapter	  (section	  3.3.3).	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Thicker	   sample	   cells	   (1–2	   mm)	   are	   also	   routinely	   used	   in	   the	   spectrometer,	  particularly	   for	   absorption	   applications	   involving	   weak	   optical	   transitions.121	  Samples	   prepared	   in	   these	   thicker	   cells	   using	   similar	   protein-­‐glassing	   agent	  mixtures	   appear	   somewhat	   different	   upon	   freezing.	   Rather	   than	   a	   network	   of	  numerous	   fine	   cracks,	   they	   typically	   possess	   a	   few,	   larger	   cracks	   that	   appear	  very	  dark	  in	  a	  transmission	  beam.	  	  An	  ideal	  sample	  would	  be	  both	  crack-­‐free	  and	  strain-­‐free,	  but	  this	  could	  not	  be	  achieved.	   It	   is	   likely	   that	   the	   network	   of	   fine	   cracks	   produced	   in	   thin	   cells	   is	  advantageous	  (compared	  to	  a	  few	  large	  cracks	  as	  seen	  in	  thicker	  cells)	  because,	  as	   well	   as	   helping	   to	   alleviate	   strain,	   the	   polarisation	   effects	   of	   many	   small	  cracks	   appear	   to	   average	   out	   in	   a	   manner	   reproducible	   between	   samples.	   A	  “good”	  sample	  for	  CD/CPL	  was	  considered	  to	  be	  one	  with	  a	  regular	  network	  of	  fine	  cracks	  but	  no	  other	  visible	  defects	  such	  as	  bubbles	  or	  larger	  cracks.	  	  	  
3.2	   Artifacts	  in	  Low-­‐Temperature	  CD	  Spectroscopy	  	  Circular	  dichroism	  due	  to	  exciton	  interactions	  (as	  described	  by	  equation	  1.12)	  is	  strictly	  conservative,	  meaning	  the	  integral	  over	  the	  spectrum	  is	  zero.51	  The	  CD	  of	  excitonically-­‐coupled	   pigments	   may	   be	   significantly	   non-­‐conservative	   if	   the	  individual	   (“monomeric”)	   pigment	   transitions	   have	   significant	   CD	   (Equation	  1.9).	  In	  the	  case	  of	  chlorophyll	  a	  the	  CD	  in	  solution	  is	  very	  low,50	  but	  changes	  in	  monomeric	   CD	   may	   occur	   when	   the	   pigment	   is	   embedded	   in	   the	   protein	  environment.	   Some	   low-­‐temperature	   CD	   spectra	   in	   the	   literature	   of	  photosynthetic	   complexes	   are	   substantially	   non-­‐conservative,46,57,58	   meaning	  these	   CD	   spectra	   could	   not	   be	   accurately	   reproduced	   by	   exciton	  calculations.39,45,46	   Here	   it	   is	   suggested	   that	   the	   dominant	   origin	   of	   this	   non-­‐conservative	   CD	   is	   likely	   to	   be	   artifacts,	   which	   arise	   due	   to	   the	   optical	  characteristics	   of	   the	   samples.	   This	   is	   discussed	   in	   section	   3.2.5.	   First,	   CD	  artifacts	   that	  arise	   in	   the	  current	  samples	  are	  considered,	  and	   their	   removal	   is	  demonstrated.	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3.2.1.	  	  	  Linear	  birefringence	  followed	  by	  linear	  polarisation	  
	  In	   Chapter	   2,	   the	   generation	   and	   analysis	   of	   circularly	   polarised	   light	   using	   a	  linear	   polariser	   and	   a	   modulated	   linear	   birefringence	   (LB)	   was	   described.	   If	  similar	   optical	   effects	   are	   present	   elsewhere	   in	   the	   beam	   path,	   unintended	  changes	  to	  the	  beam	  polarisation	  can	  result.	   In	  CD,	  artifacts	  will	  be	  seen	  in	  the	  spectrum	   if	   the	   transmission	   of	   LCP	   and	   RCP	   is	   affected	   differently	   by	   any	  process	   other	   than	   differential	   absorption.	   Strain	   birefringence	   causes	   a	  circularly	  polarised	  beam	  to	  become	  elliptically	  polarised	  along	  the	  strain	  axes,	  and	   the	   ellipse	   orientation	   shifts	   90°	   depending	   whether	   LCP	   or	   RCP	   light	   is	  
incident	   (see	   Table	   2.3).	   This	   gives	   the	   beam	   a	   linearly	   polarised	   component,	  which	  switches	  orientation	  at	  the	  same	  frequency	  as	  the	  CD	  signal.	  	  	  Linear	   polarisation	   (LP)	   selection	   arises	   in	   anisotropic	   samples	   due	   to	   linear	  dichroism.	  With	  isotropic	  samples	  such	  as	  those	  studied	  here,	  it	  can	  arise	  if	  the	  sample	  is	  optically	  imperfect	  (e.g.	  cracked),	  or	  if	  optics	  such	  as	  cryostat	  windows	  are	  poorly-­‐aligned.	  The	  latter	  two	  effects	  are	  due	  to	  differential	  reflectivity	  (DR),	  where	   linear	   polarisation	   is	   selected	   by	   reflection	   as	   described	   by	   the	   Fresnel	  relations;122	  the	  component	  of	  the	  beam	  that	  is	  polarised	  parallel	  to	  a	  reflective	  surface	  can	  be	  reflected	  much	  more	  strongly	  than	  its	  perpendicular	  counterpart	  depending	  on	  the	  angle	  of	  incidence	  (Figure	  3.1).	  In	  combination	  with	  the	  effect	  of	  strain	  birefringence	  discussed	  above,	  this	  can	  cause	  a	  signal	  at	  the	  frequency	  of	  the	  desired	  CD	  signal,	  causing	  an	  artifact.	  	  	  	  Figure	  3.1	  describes	  the	  polarisation	  dependence	  of	  reflection	  when	  light	  leaves	  the	  sample	  and	  enters	  the	  cryogenic	  medium.	  The	  figure	  demonstrates	  one	  way	  in	  which	  reflection	  can	  be	  polarisation-­‐selective,	  so	  that	  the	  amount	  of	  light	  lost	  from	  the	  beam	  depends	  on	  its	  linear	  polarisation.	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3.2.2.	  	  	  Linear	  polarisation	  in	  the	  transmission	  beam	  	  Linear	   polarisation	   was	   monitored	   in	   both	   the	   absorption	   and	   emission	  experiments	   using	   the	   LP	   lock-­‐in	   amplifier	   (Figure	   2.7,	   2.8),	   which	   was	  introduced	   to	   the	   detection	   system	   as	   part	   of	   this	   work.	   In	   the	   absorption	  experiment,	  when	  the	  cryostat	  was	  properly	  aligned	  no	  LP	  was	  observable.	  If	  an	  empty	   sample	   cell	  was	  placed	   in	   the	  beam	  and	   rotated	  about	   the	  vertical	   axis,	  horizontal	  polarisation	  of	  the	  transmitted	  beam	  was	  observed	  due	  to	  differential	  reflection	   (DR)	   off	   the	   cell.	   This	   LP	   reduced	   to	   ~0	  when	   the	   cell	   was	   aligned	  perpendicular	  to	  the	  beam	  path,	  this	  alignment	  also	  corresponded	  to	  the	  highest	  total	  transmission	  as	  expected.	  	  	  	  When	  a	  good	  sample	  was	  introduced	  and	  the	  cell	  aligned,	  LP	  due	  to	  the	  sample	  was	  typically	  not	  observable	  within	  the	  0.05%	  sensitivity	  of	  the	  LP	  monitor.	  This	  was	  despite	   the	  significant	  number	  of	  dark	  cracks	   in	  normal	  samples.	   It	   seems	  likely	   that	   the	   large	   number	   of	   cracks,	   in	   multiple	   orientations,	   ensure	   that	  polarisation	  sensitivity	  of	  the	  losses	  is	  largely	  averaged	  out.	  This	  is	  an	  advantage	  of	  thin	  sample	  cells	  over	  thick	  ones,	  because	  the	  latter	  (as	  well	  as	  having	  larger	  sample	  strain)	   typically	   result	   in	   frozen	  samples	   that	  have	  a	   few	  major	  cracks,	  which	  create	  unpredictable	  LP	  behaviour.	  	  
	  
3.2.3.	  	  	  Depolarisation	  by	  the	  sample:	  	  The	  additive	  CD	  test	  
	  A	  useful	  protocol	  to	  monitor	  the	  effect	  of	  the	  sample	  on	  beam	  polarisation	  is	  the	  additive	   CD	   test.	   This	   utilises	   the	   fact	   that	   the	   absorbance	   of	   two	   samples	   in	  series	   is	   additive	   (easily	   proven	   using	   the	   Beer-­‐Lambert	   law).	   The	   circular	  dichroism	   is	   also	   additive,	   but	   only	   if	   the	   first	   sample	   does	   not	   change	   the	  polarisation	   of	   the	   light	   that	   is	   transmitted	   to	   the	   second	   sample—an	   ideal	  sample	  should	  reduce	  only	  the	  intensity	  of	  the	  incident	  circularly	  polarised	  light.	  	  	  	  The	   test	  utilised	  a	  solution	  of	   (+)cobalt	   tris-­‐ethylenediamine,	  or	   (+)[Co(en)3]3+,	  which	  has	  a	  strong	  positive	  CD	  peak	  490	  nm,	  placed	  just	  before	  the	  detector	  in	  an	  absorption	  experiment	  (Figure	  2.7).	  First	  the	  CD	  spectra	  of	  this	  solution	  and	  of	   the	   sample	   are	   each	  measured	   individually.	   Then	   the	  CD	   is	  measured	   again	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with	   the	   beam	   passing	   through	   both	   the	   sample	   and	   then	   the	   solution.	   If	   the	  sample	  causes	  loss	  of	  circular	  polarisation	  the	  transmitted	  beam,	  the	  differential	  signal	   will	   decrease	   relative	   to	   the	   total	   signal,	   and	   the	   CD	   of	   the	   samples	   in	  series	  will	  be	  less	  than	  the	  sum	  of	  the	  two	  individual	  measurements.	  	  When	  the	  beam	  was	  passed	  through	  good	  samples	  immersed	  in	  liquid	  nitrogen	  (N2(l),	   77	  K),	   the	   reduction	   in	  ΔA	  of	   the	  490	  nm	  (+)[Co(en)3]3+	  peak	  was	  about	  1%,	   indicating	   only	   slight	   loss	   of	   circular	   polarisation	   due	   to	   the	   sample.	   One	  possible	  origin	   for	   the	  reduction	   in	  CD	   is	  strain	   in	   the	  sample,	  which	  results	   in	  elliptical,	   rather	   than	   circular	   polarisation	   exiting	   the	   sample	   as	   discussed	  previously.	  However,	  strain	  is	  not	  the	  dominant	  source	  of	  depolarisation	  in	  good	  samples,	  as	  demonstrated	  by	  the	  following	  result.	  	  When	   the	   test	   was	   carried	   out	   on	   the	   same	   good	   samples	   in	   nitrogen	   gas	   at	  ~80	  K,	   the	   reduction	   in	   ΔA	   increased	   from	   1%	   to	   3–4%.	   A	   typical	   ~4%	   CD	  reduction	  resulting	  from	  a	  sample	  in	  N2(g)	  is	  shown	  below.	  	   	  







 Standard Co(en)3 solution
 Sample (CP47 at 80K)
 Standard with sample in beam
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In	   the	   transmission	   experiment,	   the	   cracks	   appeared	   darker	  when	   the	   sample	  was	  in	  gas	  than	  in	  liquid	  (easy	  comparison	  was	  achieved	  by	  viewing	  the	  sample	  while	  allowing	   liquid	  to	   fill	   the	  sample	  chamber).	  This	  supports	   the	  conclusion	  that	  the	  reduced	  CD	  in	  the	  gas	  medium	  arises	  due	  to	  increased	  interaction	  at	  the	  interfaces.	  	  	  	  However,	  the	  loss	  of	  light	  alone	  would	  not	  lead	  to	  depolarisation	  of	  the	  detected	  beam.	  It	  seems	  likely	  that	  depolarisation	  is	  observed	  due	  to	  light	  that	  is	  reflected	  and/or	  scattered	  but	  still	  reaches	  the	  detector.	  Circularly	  polarised	  light	  that	   is	  reflected	  at	  a	  dielectric	  boundary	  has	  its	  rotation	  reversed,122	  because	  the	  phase	  component	  perpendicular	  to	  the	  boundary	  is	  shifted	  by	  π/2.	  	  Scattering	  of	  light	  also	  causes	  efficient	  loss	  of	  circular	  polarisation.126	  	  	  The	  potential	  effects	  of	  the	  3–4%	  depolarisation	  on	  CD	  spectra	  are	  of	  marginal	  relevance;	   most	   likely	  ΔA	   is	   reduced	   by	   up	   to	   ~2%	   of	   its	   true	   value	   in	   good	  samples	   due	   to	   depolarisation	  while	   traversing	   the	   sample.	   This	   is	  within	   the	  noise	  of	  most	  CD	  spectra	  in	  this	  work,	  which	  were	  not	  corrected	  for	  this	  possible	  error.	  The	  effect	  of	  these	  processes	  on	  emission	  and	  CPL	  spectra	  is	  much	  more	  significant	   (section	  3.3.3).	   It	   is	  worth	   looking	  more	   closely	   at	   their	   effects	   in	   a	  transmission	  experiment;	  this	  is	  considered	  below.	  
	  
3.2.4.	  	  	  Effect	  of	  depolarising	  processes	  on	  absorption	  and	  CD	  	  	  Figure	  3.3	   shows	   the	  difference	  between	   the	   apparent	   absorption	   and	  CD	  of	   a	  CP43	  sample	  measured	  in	  N2(l)	  and	  N2(g).	  The	  absorption	  measurements	  are	  after	  subtraction	   of	   an	   empty-­‐cell	   baseline	   in	   the	   same	   medium,	   so	   the	   spectra	  represent	   the	   sum	   of	   real	   absorbance/CD	   from	   the	   sample	   plus	   apparent	  absorbance/CD	  due	  to	  optical	  imperfections.	   	  
	   63	  
	  
Figure	  3.3:	  Apparent	  absorption	  and	  CD	  spectra	  of	  a	  CP43	  sample	  in	  liquid	  nitrogen	  (77	  K,	  blue	  lines)	   and	   gaseous	   nitrogen	   (80	  K,	   red),	   with	   the	   difference	   (gas–liquid)	   in	   green.	   Baselines	  corresponding	   to	  apparent	  absorbance	  of	   the	  sample	  rod	  and	  empty	  cell	  have	  been	  subtracted	  from	  the	  absorption	  spectra.	  The	  inset	  shows	  all	  four	  spectra	  in	  the	  Qy	  region,	  after	  subtraction	  of	   additional	   linear	   baselines.	   These	  baselines	   correspond	   to	   the	   apparent	   absorbance	   and	  CD	  from	  reflection	  and	  scattering	  processes	  due	  to	  optical	  imperfections	  in	  the	  sample.	  	  The	  apparent	  absorption	  in	  the	  gas	  phase	  is	  significantly	  higher;	  reiterating	  that	  more	   light	   is	   lost	   at	   the	   sample-­‐gas	   interfaces	   that	   at	   the	   sample-­‐liquid.	   The	  difference	  between	  the	  apparent	  absorbances	  has	  weak,	  near-­‐linear	  wavelength	  dependence.	   Subtraction	  of	   linear	  baselines	   resulted	   in	   realistic	   spectra	   (inset,	  see	   also	   Figure	   4.2)	  while	   subtraction	   of	   scattering	   baselines	   (proportional	   to	  
































3.2.5.	  	  	  Artifacts	  in	  literature	  CD	  spectra	  
	  The	   weak	   wavelength	   dependence	   of	   the	   baseline	   artifact	   described	   in	   the	  previous	   sections	   is	   probably	   due	   to	   variation	   of	   the	   phase	   retardation	   with	  wavelength.	   If	  a	  constant	  strain	   is	  present,	   the	  difference	   in	  path	   length	  due	  to	  the	   birefringence	   is	   also	   constant	   and	   the	   phase	   retardation	   increases	   with	  inverse	  wavelength.	   In	   the	   relatively	   small	   wavelength	   range	   of	  most	   interest	  here	   (~650–700	   nm)	   the	   effect	   of	   this	   change	   on	   the	   circular	   polarisation	   is	  close	   to	   linear	  with	  wavelength.	   As	   shown	   above,	   it	   is	   possible	   to	   remove	   the	  artifact	   by	   simply	   subtracting	   a	   linear	   baseline	   from	   the	   measured	   spectrum,	  taken	  between	  two	  points	  where	  the	  CD	  is	  known	  to	  be	  very	  close	  to	  zero	  (e.g.	  in	  regions	  of	  no	  absorption).	  	  	  Some	  CD	  spectra	  in	  the	  PSII	   literature	  appear	  to	  have	  had	  baselines	  subtracted	  in	   this	  way,	  but	   remain	   substantially	  non-­‐conservative.46,57,58	  This	   cannot	  arise	  from	   exciton	   CD	   (section	   1.3)	   but	   could	   occur	   if	   some	   chlorophylls	   have	  significant	   intrinsic	   (monomeric)	   CD.	   On	   the	   other	   hand,	   CD	   artifacts	   with	  similar	   profiles	   to	   the	   absorption	   are	   well	   known	   by	   solid-­‐state	   CD	  practitioners,120	  although	  deliberate	  publication	  of	  such	  spectra	  is	  naturally	  rare.	  One	   authority,	   L.	   Nafie,	   noted	   that	   absorption-­‐dependent	   CD	   artifacts	   are	  reduced	  as	  the	   linear	  baseline	  approaches	  zero,	  and	  speculated	  that	  they	  arose	  in	  highly	  anisotropic	  samples	  due	  to	  the	  absorption	  dependence	  of	  the	  refractive	  index.119	   A	   similar,	   simple	   explanation	   in	   some	   cases	  may	   be	   that	   the	   average	  path	  length	  experienced	  by	  LCP	  and	  RCP	  in	  the	  sample	  is	  slightly	  different	  due	  to	  some	   combination	   of	   birefringence,	   reflection,	   refraction	   and	   scattering	  processes.	   This	   is	   more	   likely	   to	   be	   significant	   in	   strongly	   absorbing	   samples	  with	  long	  path-­‐lengths.	  	  The	   non-­‐conservative	   literature	   spectra	   mentioned	   above	   were	   measured	   at	  77	  K	  with	  cell	  path	  lengths	  reported	  as	  2	  mm57,58	  or	  10	  mm.46	  In	  such	  samples	  it	  is	   very	   difficult	   to	   avoid	   large	   strains	   and/or	   cracks.	   By	   contrast,	   the	   circular	  dichroism	   protocols	   developed	   previously	   in	   the	   Krausz	   group	   and	   utilised	   in	  this	  work	  include	  the	  200–300	  µm	  “split	  cells”	  described	  previously48	  (sections	  2.4.1	   and	   3.1.1).	   These	   short	   path	   length	   cells	   enable	   the	  measurement	   of	   CD	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spectra	  that	  are	  reproducible	  with	  only	  a	   linear	  baseline	  subtraction,	  as	  shown	  already	   in	   this	   chapter.	  The	  measurements	   show	   that	   the	  CD	  of	   the	  complexes	  under	  study	  is	  close	  to	  conservative.	  Figure	  3.4	  shows	  the	  77	  K	  absorbance	  and	  CD	  spectra	  of	  a	  CP43	  sample	  from	  this	  work,	  along	  with	  a	  reproduction	  of	  the	  CD	  spectrum	  from	  Groot	  et	  al.57	  	  
	  
	  
Figure	   3.4:	   Absorbance	   and	   CD	   of	  CP43	  at	  77	  K	  from	  this	  work	  (blue)	  compared	   to	   CD	   of	   a	   literature	  spectrum.57	  The	  literature	  spectrum	  (red)	  has	  been	  arbitrarily	   scaled	   (it	  was	   not	   accompanied	   by	   a	   clearly-­‐scaled	  absorbance	  spectrum).	  	  	  	  	  For	   the	   blue	   spectrum	   from	   this	   work	   in	   Figure	   3.4,	   a	   linear	   baseline	   was	  subtracted	  to	  ensure	  that	  the	  CD	  is	  zero	  as	  expected	  at	  700	  and	  650	  nm.	  At	  these	  wavelengths	   the	   absorption	   is,	   respectively,	   almost	   zero	   or	   due	   mainly	   to	  vibrational	   sidelines	  of	   the	  Qy	  bands	   (whose	   low	  dipole	   strength	   leads	   to	   very	  weak	   CD).	   The	   literature	   CD	   spectrum	   (red)	   appears	   to	   have	   been	   treated	  similarly.	   However	   that	   spectrum	   drops	   significantly	   below	   the	   one	   from	   this	  work,	  which	  has	  been	  reproduced	  many	  times	  using	  the	  current	  protocols	  (e.g.	  Figure	   C1	   in	  Appendix	   C).	   Addition	   of	   the	   absorption	   spectrum	   (appropriately	  scaled)	   to	   the	   red	   CD	   spectrum	   in	   Figure	   3.4	   resulted	   in	   a	   CD	   spectrum	   very	  similar	  to	  the	  current	  work.	  	  	  	  Comparison	  of	  the	  CD	  spectra	  in	  this	  thesis	  with	  other	  literature	  reveals	  similar	  or	  larger	  discrepancies	  with	  published	  CD	  spectra	  of	  CP4758	  and	  PSII	  cores	  from	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acceptably	   reproducible	   spectra.	   For	   antenna	   complexes,	   the	   integral	   of	   the	  resulting	  CD	  spectra	  is	  consistently	  slightly	  negative,	  with	  the	  ratio	  (∫ΔA)	  /	  (∫A)	  between	  zero	  and	  −2×10–4.	  This	  matches	   the	  value	  expected	   from	  the	   intrinsic	  CD	   of	   monomeric	   chlorophyll	   a,	   which	   was	   reported50	   at	   −1.5×10–4.	   That	  measurement	  was	  carried	  out	  at	  room	  temperature	  in	  solution	  and	  the	  result	  is	  therefore	   less	   susceptible	   to	   artifacts,	   although	   it	   represents	   chlorophyll	   in	   a	  different	   environment.	   The	   corresponding	   ratio	   for	   the	   red	   spectrum	   in	  Figure	  3.4	  is	  estimated	  at	  −7×10–4.	  	  	  	  
3.3	   Artifacts	  in	  Low-­‐Temperature	  CPL	  Spectroscopy	  	  Initial	   circularly	   polarised	   luminescence	   measurements	   were	   highly	   variable,	  with	  the	  magnitude	  and	  even	  sign	  of	  the	  CPL	  signal	  changing	  between	  different	  samples	  from	  the	  same	  preparation.	  The	  signal	  also	  depended	  on	  the	  position	  of	  the	  excitation	  beam	  and	  the	  exact	  orientation	  of	  the	  spatial	  scrambler	  that	  was	  used	  to	  depolarise	  the	  excitation	  beam	  (Ar+	  laser).	  Four	  separate	  artifacts	  were	  found	   to	   contribute	   significantly	   to	   the	  measurements.	  The	   first	   one	  discussed	  here	  is	  fluorescence	  from	  the	  filter	  that	  was	  used	  to	  block	  laser	  light.	  The	  second	  artifact	   is	   rogue	   circular	   polarisation	   due	   to	   linear	   polarisation	   and	   strain	  birefringence.	  The	  third	  is	  due	  to	  collection	  of	  emission	  that	  is	  depolarised,	  due	  to	   reflection	  and/or	   light	   scattering	  within	   the	   sample.	  The	   fourth	  CPL	  artifact	  arises	  due	  to	  reabsorption	  by	  CD-­‐active	  bands,	  which	  was	  found	  to	  be	  significant	  in	  more	  concentrated	  samples	  but	  largely	  avoidable	  by	  dilution.	  	  
	  
3.3.1.	  	  	  Filter	  fluorescence	  excited	  by	  modulated	  laser	  light	  	  In	  initial	  measurements,	  a	  highly	  variable	  CPL	  signal	  was	  often	  observed	  even	  in	  wavelength	  regions	  of	  very	  low	  emission.	  This	  was	  determined	  to	  arise	  from	  the	  filter	  that	  was	  used	  to	  block	  exciting	  laser	  light	  from	  the	  spectrometer;	  the	  filter	  emits	   fluorescence	   of	   its	   own	   when	   excited.	   The	   filter	   was	   initially	   located	  behind	   the	  modulator	   and	  polariser	   (Figure	  2.8),	   so	   that	   light	  passing	   through	  (or	  originating	   from)	   the	   filter	  would	  not	  be	  analysed	   for	  circular	  polarisation.	  	  However,	   this	   means	   that	   the	   laser	   light	   that	   excites	   the	   filter	   fluorescence	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passes	   the	   analyser—any	   circular	   polarisation	   in	   this	   exciting	   beam	   is	  modulated,	   resulting	   in	   time	   dependence	   of	   the	   excitation	   intensity	   of	   filter	  fluorescence,	  which	  translates	  into	  a	  CPL	  signal.	  	  	  The	  laser	  beam	  can	  pick	  up	  substantial	  circular	  polarisation,	  through	  differential	  reflections	  and	  strain,	  while	  passing	  through	  the	  sample	  and	  the	  six	  windows	  of	  the	  cryostat	  (section	  3.3.2).	  Rather	  than	  trying	  to	  remove	  this	  polarisation	  from	  the	  laser,	  the	  filter	  was	  moved	  to	  a	  position	  in	  front	  of	  the	  modulator.	  The	  effect	  of	   coloured	   glass	   filters	   themselves	   on	   the	   CPL	   was	   negligible,	   provided	   they	  were	  aligned	  carefully;	  this	  was	  established	  by	  using	  various	  filters	  and	  also	  by	  rotating	  each	   filter	  90°	  about	   the	  z-­‐axis	   (which	  would	   change	   the	  effect	  of	  any	  birefringence	  inherent	  in	  the	  filter).	  	  	  	  
3.3.2.	  	  	  Artifactual	  circular	  polarisation	  in	  the	  emission	  beam.	  	  In	   the	   circular	   dichroism	   measurement,	   the	   beam	   incident	   on	   the	   sample	   is	  created	   so	   as	   to	   be	   fully	   circularly	   polarised,	   and	   CD	   signals	   (both	   real	   and	  artifactual)	  arise	  from	  differences	  in	  transmission	  between	  LCP	  and	  RCP.	  In	  the	  CPL	   experiment,	   the	   measurement	   beam	   is	   nearly	   unpolarised	   (1%	   circular	  polarisation	   is	   a	   very	   strong	   CPL	   signal	   in	   the	   context	   of	   this	   work).	   There	   is	  potential	   for	   very	   significant	   artifacts	   to	   arise	   if	   the	   “unpolarised”	   beam	  encounters	  elements	  that	  induce	  circular	  polarisation.	  	  As	   pointed	   out	   repeatedly,	   circular	   polarisation	   is	   generated	   when	   a	   linearly	  polarised	  beam	  (LP)	  encounters	  a	  linear	  birefringence	  LB).	  In	  isotropic	  samples	  LP	  in	  the	  emission	  beam	  may	  arise	  from	  reflections	  as	  discussed	  above,	  or	  from	  photoselection	  via	  linearly	  polarised	  excitation.	  Strain	  in	  optical	  elements	  gives	  rise	  to	  LB.	  	  By	   subtracting	   Equation	   2.4c	   from	   2.4d,	   it	   is	   easily	   shown	   that	   when	   a	   given	  retardation	   ϕy	   is	   applied	   at	   45°	   to	   a	   linearly	   polarised	   beam,	   the	   resulting	  circular	  polarisation	  has	  I! − I! = I! sin!!	  and	  similarly	  I! + I! = I!.	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Maintaining	   the	   definitions	   I = !! I! + I! 	  and	   ∆I = I! − I! ,	   the	   anisotropy	  induced	  by	  LP	  followed	  by	  LB	  is	  described	  by	  	  ∆II   =   L ∙ sin 2! ∙ sin!!"#                                                                                                                                                                                           (3.1)	  	  where	  L	  is	  the	  proportion	  of	  linear	  polarisation	  in	  the	  beam	  (Equation	  2.6),	  α	  is	  the	  angle	  between	  the	  retardation	  and	  LP	  axes,111	  and	  ϕstr	  is	  the	  strain-­‐induced	  retardation	  in	  radians.	  	  	  In	   this	   section,	   measurements	   of	   the	   total	   linear	   polarisation	   L	   and	   circular	  polarisation	   ΔI/I	   are	   used	   to	   infer	   information	   about	   the	   strain	   parameters,	  under	  the	  assumption	  that	  L,	  α	  and	  ϕ	  are	  all	  spatially	  uniform.	  The	  assumption	  is	  useful	  but	  is	  not	  necessarily	  true;	  the	  polarisation-­‐dependent	  processes	  that	  can	  occur	  (discussed	  in	  section	  3.1)	  largely	  occur	  in	  specific	  locations	  in	  the	  sample,	  namely	   at	   crack	   interfaces.	   The	   inferred	   value	   of	  ϕstr	   under	   the	   assumption	   of	  uniformity	  is	  termed	  the	  ‘effective	  average’	  strain	  retardation.	  	  	  If	   different	   linearly	   polarised	   components	   of	   the	   beam	   encounter	   different	  strains,	   then	  Equation	  3.1	  will	   not	   hold	   for	   the	   entire	  beam.	  The	   remainder	  of	  this	  section	  suggests	  that	  the	  equation	  holds	  reasonably	  well,	  indicating	  that	  this	  type	  of	  sample	  anisotropy	  does	  not	  occur	  to	  a	  significant	  extent	  in	  good	  quality	  samples.	  	  	  The	  Linear	  Polarisation	  lock-­‐in	  was	  used	  to	  monitor	  LP	  in	  the	  excitation	  beam,	  as	  described	   in	   section	   2.3.5.	   A	   key	   element	   in	   controlling	   LP	   is	   the	   polarisation	  scrambler	  (Figure	  2.8).	  To	  ensure	  full	  depolarisation	  of	  the	  excitation	  beam,	  the	  optical	  axes	  of	  the	  scrambler	  must	  be	  oriented	  at	  45°	   to	  the	  beam	  polarisation.	  By	   rotating	   the	   scrambler	   while	   monitoring	   the	   LP	   signal,	   the	   LP	   could	   be	  reduced	  to	  zero	  (see	  section	  3.5).	  	  	  However	   when	   the	   vertical/horizontal	   LP	   was	   zero,	   CPL	   reproducibility	  remained	  somewhat	  variable.	  This	  suggested	  that	  linear	  polarisation	  in	  the	  x	  or	  y	  axes,	  (45°	  to	  the	  vertical)	  may	  be	  causing	  an	  artifact.	  Deliberately	  exciting	  with	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light	  polarised	   in	   these	  ±45°	  orientations	   confirmed	   this:	  much	   larger	  artifacts	  resulted	   from	   these	   excitations	   than	   from	  vertical	   or	   horizontal.	   The	  PEM	  and	  linear	   polariser	   assembly	   were	   therefore	   modified	   to	   enable	   rotation	   by	   45°,	  allowing	  detection	  of	  LP	  of	  this	  orientation.	  	  Removal	  of	  the	  45°	  LP	  greatly	  improved	  the	  reproducibility	  of	  CPL	  spectra.	  This	  suggests	  that	  the	  principal	  axes	  of	  the	  strain-­‐induced	  LB	  were	  consistently	  near	  vertical-­‐horizontal	  in	  orientation,	  for	  all	  samples.	  The	  consistency	  indicates	  that	  the	   cryostat	   windows,	   not	   the	   sample,	   may	   be	   the	   dominant	   source	   of	   strain.	  Experiments	  investigating	  this	  are	  detailed	  below.	  	  	  	  
Experiment	  1:	  Strain-­‐induced	  circular	  polarisation	  in	  a	  linearly	  polarised	  beam	  	  	  The	   strain	   of	   the	   system	   was	   explored	   by	   passing	   a	   linearly	   polarised	   beam	  through	  the	  cryostat.	  Figure	  3.5	  shows	  the	  setup,	  and	  the	  four	  vacuum	  windows	  in	  the	  beam	  path	  of	  the	  cryostat.	  The	  detection	  wavelength	  was	  680	  nm.	  
	  
Figure	   3.5:	   	   Schematic	   for	   measurement	   of	   strain-­‐induced	   circular	   polarisation	   in	   a	   linearly	  polarised	  beam	  passed	  through	  the	  cryostat.	   	  The	  grey	  square	   indicates	   the	   insulating	  vacuum.	  The	   inner	  white	   square	   is	   the	   sample	   chamber,	  which	   can	   also	   be	   evacuated.	   The	   polariser	   P	  selects	  linear	  polarisation,	  which	  becomes	  elliptically	  polarised	  due	  to	  strain	  in	  each	  of	  the	  four	  vacuum	  windows	  (blue	  rectangles).	  Beam	  size	   is	  not	   to	  scale.	  A	  copper	  radiation	  shield,	  which	  encloses	  the	  sample	  chamber	  and	  contains	  two	  additional,	  relatively	  strain-­‐free	  windows,	  is	  not	  shown.	   The	   total	   light	   and	   circular	   polarisation	   component	   are	   detected	   as	   normal	   for	   a	   CPL	  experiment	  (see	  Figure	  2.8).	  	  Depending	  on	   the	  pressure	   in	   the	  sample	  chamber,	  either	   two	  or	   four	  of	   these	  windows	  have	  vacuum	  on	  one	  side	  and	  atmospheric	  pressure	  on	  the	  other.	  The	  stress	   due	   to	   these	   large	   pressure	   differentials	   inevitably	   causes	   strain.128	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Proper	  analysis	  of	   the	  stress	  and	  strain	   tensors	   in	   the	   four	  windows,	  and	  their	  effect	  on	  light	  traversing	  at	  different	  locations	  and	  angles,	  is	  not	  attempted	  here.	  However,	  experiments	  can	  be	  performed	  which	  indicate	  the	  extent	  to	  which	  the	  strains	  cause	  LP	  light	  to	  become	  CP,	  shedding	  some	  light	  on	  the	  effective	  size	  of	  the	  retardation	  ϕstr.	  	  It	  was	   possible	   to	  move	   the	   cryostat	   in	   relation	   to	   the	   beam	  path	   to	   a	   limited	  extent,	   in	   the	  horizontal	  dimension	  via	   rails	   engineered	   in	   the	   cryostat	  mount,	  and	  in	  the	  vertical	  by	  adjusting	  the	  beam	  height.	  For	  a	  given	  linear	  polarisation,	  the	  induced	  ΔI/I	  in	  circular	  polarisation	  varied	  strongly,	  depending	  on	  what	  part	  of	   the	   vacuum	   windows	   the	   beam	   encountered.	   Passing	   a	   100%	   linearly	  polarised	   beam	   through	   the	   cryostat	   could	   easily	   cause	   circular	   polarisation	  with	  	  ΔI/I	  of	  0.1	  or	  higher,	  depending	  on	  the	  beam	  location.	  The	  beam	  generally	  encountered	  lower	  overall	  strain	  near	  the	  centre	  of	  the	  windows.	  	  After	  careful	  alignment	  of	  the	  beam	  position,	  a	  2	  mm	  wide	  ×	  10	  mm	  high	  beam,	  fully	   polarised	   at	   45°	   to	   vertical,	   could	   be	   passed	   through	   the	   cryostat	   with	  circular	  polarisation	  ΔI/I	  of	  only	  0.05/177,	  or	  3×10–4.	  With	  care,	  half	  of	  the	  beam	  could	  be	  blocked	  using	  a	  piece	  of	  card	  at	  the	  entrance	  slit	  to	  the	  monochromator.	  This	  was	  used	  to	  select	  parts	  of	  the	  polarised	  beam	  that	  had	  traversed	  different	  parts	   of	   the	   vacuum	  windows,	   depending	   on	  whether	   the	   top,	   bottom,	   left,	   or	  right	  half	  of	  the	  beam	  is	  passed.	  The	  effect	  on	  ΔI/I	  is	  shown	  in	  Table	  3.1.	  
	  
Table	  3.1:	   	  Circular	  polarisation	  intensity	  (measured	  in	  mV)	  induced	  in	  a	  linearly	  polarised	  (y)	  beam	  by	  passing	  the	  cryostat.	  Beam	  part	   ΔI	  	  =	  IL−IR	   I	  =	  (IL+IR)	  /2	   	  ΔI/I	  	  	  	  (≈φstr)	  Total	   0.05	   177	   3×10−4	  Top	  half	   −0.50	   85	   −0.006	  Bottom	   0.55	   85	   0.006	  Left	  half	   −2.5	   85	   −0.029	  Right	   2.5	   85	   0.029	  	  There	  is	  clearly	  a	  regular	  variation	  of	  the	  strain	  at	  different	  parts	  of	  the	  vacuum	  windows.	  The	  beam	  studied	   in	  Table	  3.1	  was	  sufficiently	  well	  centred	  that	  this	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variation	  almost	  cancelled	  out	  over	   the	  entire	  beam	  area,	  although	   isolation	  of	  specific	  parts	  of	  the	  beam	  revealed	  the	  extent	  of	  the	  spatial	  variation.	  	  	  The	   effective	   average	   value	   of	   the	   retardation	   ϕstr	   can	   be	   estimated	   using	  Equation	  3.1.	  If	  L	  and	  sin(2α)	  are	  assumed	  equal	  to	  1,	  then	  sin(ϕstr)	  =	  ΔI/I,	  so	  the	  effective	  ϕstr	   in	  radians	  are	  almost	   identical	   to	   the	  (small)	  anisotropy	  values	   in	  the	  right	  column	  of	  Table	  3.1.	  The	  polariser	  sets	  L	  to	  1,	  but	  the	  strain	  orientation	  (which	   defines	  α)	   is	   not	   uniform	   across	   the	   beam,	  which	   passes	   four	   vacuum	  windows	   in	   series.	   This	  may	   be	   the	   reason	  why	   the	   left	   and	   right	   side	   of	   the	  beam	  seem	  to	  be	  affected	  more	  strongly	  than	  the	  top	  and	  bottom.	  	  	  It	  was	  confirmed	  that	  strain	   in	  the	  vacuum	  windows	  is	  the	  dominant	  source	  of	  birefringence	  in	  the	  system	  by	  performing	  similar	  experiments	  with	  no	  vacuum	  in	   the	   cryostat.	   Values	   of	   ΔI/I	   were	   reduced	   by	   factors	   of	   10–100	   when	   the	  vacuum	  was	  released.	  	  Systematic	   variation	   of	   polarisation	   and	   location	   of	   the	   transmitted	   beam	  suggested	  that	  the	  effective	  principal	  strain	  axes	  point	  toward	  the	  centre	  of	  the	  windows,	   regardless	   of	   location	   on	   the	   window.	   For	   example,	   a	   vertically	  polarised	   beam	   acquired	   only	   small	   circular	   polarisation	   if	   displaced	   either	  vertically	   or	   horizontally,	   but	   much	   larger	   if	   displaced	   both	   vertically	   and	  horizontally,	  while	  the	  reverse	  was	  true	  for	  a	  beam	  polarised	  at	  ±45°	  to	  vertical.	  	  	  
Figure	  3.6:	   	   Illustration	  of	   the	  apparent	  principal	   strain	   directions	   at	   different	  locations	   in	   the	   cryostat	   windows.	   The	  window	   illustrated	   represents	   all	   four	  windows	  passed	  by	   the	  beam	  as	   shown	  in	  Figure	  3.5.	  The	  central	  red	  rectangle	  is	  the	  estimated	  beam	  position	  for	  the	  data	  obtained	   in	   Table	   3.1.	   The	   entire	  cryostat	   (sample	   +	   windows)	   can	   be	  moved	   relative	   to	   the	   beam	   position.	  	  The	   dotted	   rectangle	   was	   the	   best	  achievable	   location	   of	   the	   sample;	   see	  text.	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Figure	   3.6	   shows	   the	   apparent	   strain	   axes	   at	   different	   locations	   in	   cryostat	  windows,	   and	   the	   central	   location	   (red)	   where	   a	   2×10	  mm	   beam,	   linearly	  polarised	   at	   45°	   to	   vertical,	   acquired	   virtually	   no	   net	   circular	   polarisation	  (Table	  3.1).	   Unfortunately,	   when	   the	   beam	   was	   centred	   in	   this	   way	   and	   the	  sample	  rod	  was	  inserted,	  the	  location	  of	  the	  sample	  was	  not	  in	  same	  position	  as	  the	  centred	  beam,	  instead	  being	  offset	  to	  the	  left	  by	  ~2	  mm.	  This	  is	  due	  to	  small	  deviations	   from	  perfection	   in	   the	  sample	  rod	  (which	   is	  ~1	  m	   long),	  and/or	   the	  guides	  inside	  the	  cryostat	  that	  restrict	  the	  rod	  position.	  	  	  The	  cryostat	  and	  sample	  can	  be	  moved	  (horizontally)	  independent	  of	  the	  beam	  path,	  so	  a	  region	  nearer	  the	  centre	  of	  the	  sample	  can	  be	  interrogated	  (everything	  except	   the	   red	   beam	   in	   Figure	   3.6	   is	   then	   moved	   to	   the	   right).	   This	   was	  necessary,	  because	  the	  when	  the	  cryostat	  was	  centred	  with	  respect	  to	  the	  beam	  (as	   shown	   in	   Figure	   3.6),	   the	   beam	   ‘clipped’	   the	   edge	   of	   the	   sample	   during	  absorption/CD	   experiments,	   which	   is	   highly	   undesirable.	   The	   cryostat	   adjust-­‐ment	  causes	  the	  optical	  path	  to	  move	  through	  a	  region	  of	  the	  windows	  where	  the	  apparent	  strain	  axes	  are	  horizontal/vertical,	  (the	  centre	  of	  the	  dotted	  black	  box	  in	  Figure	  3.6)	  so	  light	  polarised	  at	  45°	  picks	  up	  circular	  polarisation	  artifacts.	  	  In	   summary,	   this	   experiment	   indicates	   that	   optimising	   the	   beam	   position	  minimises	   the	   effective	   average	   linear	  birefringence	   experienced	  by	   the	  beam;	  different	   regions	   of	   the	   beam	   still	   experience	   significant	   LB,	   which	   mostly	  cancels.	  However	  directing	  the	  beam	  near	  the	  centre	  of	  the	  sample	  required	  it	  to	  be	   positioned	   slightly	   non-­‐optimally,	   such	   that	   strain	   with	   principle	   axes	  horizontal/vertical	   was	   observed.	   Figure	   3.6	   and	   Table	   3.1	   suggest	   that	   the	  average	   phase	   retardation	   due	   to	   this	   strain	   will	   be	   in	   the	   region	   of	  ~0.03	  radians,	   but	   perhaps	   somewhat	   higher	   after	   the	   cryostat	   position	   was	  shifted.	  The	  sample	  cell	  itself	  introduced	  a	  smaller,	  variable	  amount	  of	  additional	  strain.	  	  	  Improving	   the	  sample	   location	  by	  re-­‐engineering	   the	  sample	   rod	  and	  guides	   is	  clearly	   desirable,	   but	   this	   project	  was	   ultimately	   not	   necessary.	   The	   following	  experiments	  show	  that	  in	  the	  current	  sample	  position,	  45°	  linear	  polarisation	  in	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the	   emission	   beam	   can	   be	   kept	   sufficiently	   low	   that	   artifactual	   circular	  polarisation	  becomes	  negligible.	  	  
Experiment	  2:	  Generation	  of	  circular	  polarisation	  artifacts	  in	  fluorescein	  emission	  	  To	   estimate	   the	   magnitude	   of	   artifacts	   in	   CPL	   spectra,	   a	   sample	   of	   precisely	  known	  CPL	  is	  required.	  Fluorescein	   is	  a	  highly	   fluorescent,	  achiral	  organic	  dye,	  which	   exhibits	   no	   optical	   activity	   in	   dilute	   solution,61	   so	   ΔI	   =	   0.	   Its	   solubility	  allows	   dilute,	   low-­‐strain,	   glass	   samples	   to	   be	   prepared	   in	   split-­‐cells	   at	   low	  temperature	   in	   a	   very	   similar	   manner	   to	   the	   photosynthetic	   protein	   samples,	  using	   the	   same	   water-­‐glycerol-­‐ethylene	   glycol	   matrix	   (50:25:25	   ratio).	   Like	  dilute	   pigment-­‐protein	   samples,	   fluorescein	   samples	   typically	   had	   many	   fine	  cracks.	  They	  showed	  no	  CD,	  but	  behaviour	  of	  the	  baselines	  and	  depolarisation	  of	  the	  CD	  beam	  by	  the	  sample	  was	  indistinguishable	  from	  that	  of	  protein	  samples,	  which	  was	  described	  in	  section	  3.2.	  	  Strong	   linear	   polarisation	   can	   be	   generated	   in	   the	   emission	   beam	   by	   exciting	  with	   linearly	  polarised	   light	   into	   the	   lowest	   excited	   state,	  which	   in	   fluorescein	  can	  be	   accessed	  directly	  by	  Ar+	   excitation.	  Operating	   at	  514	  nm,	   the	   laser	  was	  passed	   through	   a	   linear	   polariser	   then	   circularly	   polarised	   using	   a	   Babinet	  compensator.	   A	   second	   linear	   polariser	   after	   the	   compensator	   was	   rotated	   to	  control	   the	   excitation	   polarisation.	   With	   linearly	   polarised	   excitation,	   the	  theoretical	  maximum	  of	  LP	  in	  the	  emission	  beam112	  is	  0.5	  (we	  are	  not	  interested	  here	  in	  the	  linear	  anisotropy	  of	  the	  emission,	  whose	  maximum	  is	  0.4).	  	  	  When	   the	   sample	  was	   immersed	   in	   liquid	  nitrogen	   and	   excited	  with	  polarised	  514	  nm	  radiation,	  the	  LP	  of	  the	  emission	  beam	  was	  estimated	  at	  0.35	  ±0.05	  (the	  error	   is	   large	   because	   the	   LP	   was	   not	   well	   calibrated	   in	   this	   range;	   see	  Appendix	  B).	   The	   observed	   value	   is	   well	   below	   the	   maximum,	   partly	   because	  some	   LP	   of	   the	   exciting	   laser	   is	   lost	   due	   to	   strain	   in	   the	   windows	   before	   the	  sample,	  but	  mostly	  because	  depolarisation	  of	  both	   the	  excitation	  and	  emission	  beams	  occurs	  as	  they	  pass	  through	  the	  sample.	  With	  the	  same	  sample	  in	  gaseous	  nitrogen	  at	  80	  K,	   the	  LP	  decreased	  to	  below	  half	  of	   its	  value	   in	  N2(l)	  due	   to	   the	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increase	   in	   these	   depolarising	   processes	   (which	   are	   most	   likely	   reflections	  and/or	  scattering	  as	  discussed	  in	  section	  3.2.2).	  	  	  The	  LP	  induces	  a	  CPL	  signal,	  which	  depends	  on	  strain	  birefringence	  as	  described	  by	   Equation	   3.1.	   The	   maximum	   ΔI/I	   is	   obtained	   at	   the	   orientation	   where	  excitation	   (and	   emission)	   is	   at	   45°	   to	   the	   strain	   axis,	   so	   sin(2α)	   =	   1.	   For	   low-­‐strain	  samples	  (with	  many	  cracks)	  positioned	  as	  shown	  in	  Figure	  3.6	  above,	  this	  angle	  was	   always	   at	   41±3°	   from	   vertical,	   confirming	   that	   the	   effective	   overall	  strain	   axes	   are	   nearly	   vertical/horizontal	   and	   do	   not	   vary	   much	   between	  samples.	  	  	  	  Figure	   3.7	   shows	   the	   circular	   polarisation	   induced	   in	   a	   fluorescein	   sample	   for	  different	   orientations	   of	   linearly	   polarised	   excitation.	   Equation	   3.1	   is	   restated	  below	  	      ∆II   =   L ∙ sin 2! ∙ sin!!"# .                                                                                                                                                                                        (3.1)	  
	  
	  



















Excitation angle (A, degrees from vertical)
CPL Artifact (∆I/I) in fluorescein with 
linearly polarised excitation.
 
 77K (Liquid nitrogen)
 y = 0.35*sin[2(A+5)]*sin(-0.032)
 
 81 K (Nitrogen gas)
  y = 0.17*sin[2(A+7)]*sin(-0.027)
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The	  dotted	  lines	  in	  Figure	  3.7	  are	  plots	  of	  equation	  3.1,	  with	  constants	  given	  for	  linear	   polarisation	   L	   and	   effective	   strain	   retardation	  ϕstr.	   The	   agreement	  with	  experimental	   curves	   supports	   the	   equation	   as	   a	   good	   description	   of	   the	  artifactual	  circular	  polarisation	  ΔI/I.	  In	  the	  equation,	  α	  is	  the	  angle	  between	  the	  linear	   polarisation	   and	   the	   principle	   strain	   axes;	   this	   varies	  with	   the	   LP	   angle	  and	  hence	  with	  the	  excitation	  angle	  A.	  The	  value	  of	  α	   is	  quite	  close	  to	  that	  of	  A	  (which	   is	   expressed	   as	   degrees	   from	   vertical),	   as	   expected	   if	   the	   effective	  principle	  strain	  axes	  are	  close	  to	  vertical/horizontal.	  	  	  In	  liquid	  nitrogen	  (blue	  line,	  refractive	  index	  n	  =	  1.21),	  the	  linear	  polarisation	  of	  the	   emission	   beam	  was	   L	   ≈	   0.35.	   The	   maximum	  was	  ΔI/I	   ≈	   0.012	   (when	   the	  excitation	   angle	   A	   was	   ~40°	   from	   vertical),	   meaning	   the	   effective	   average	  retardation	  ϕstr	  is	   about	   0.032.	   In	   gas	   (n=1.00,	   red	   line)	   the	  measured	   LP	  was	  0.17	  and	  the	  maximum	  ΔI/I	  was	  about	  0.004,	  which	  gives	  ϕstr	  ≈	  0.027	  (at	  α	  ≈	  38°	  from	  vertical).	  Deviation	  from	  the	  equation	  at	  higher	  angles	  is	  most	  likely	  due	  to	  small	  changes	   in	  the	  excitation	  beam	  position	  as	  the	  polariser	  was	  rotated;	  the	  constants	  were	  chosen	  to	  best	  fit	  the	  data	  between	  0–45°.	  	  The	  substantial	  change	  in	  ΔI/I	  observed	  in	  the	  gas	  phase	  is	  almost	  certainly	  due	  to	   increased	   efficiency	   of	   reflection	   and/or	   scattering	   processes	   that	   occur	   at	  interfaces	   between	   the	   sample	   (n	   ≈	   1.5)	   and	   the	   cryogenic	   medium.	   These	  reduce	  the	  net	  linear	  polarisation	  of	  the	  laser	  excitation	  and	  also	  of	  the	  emission.	  	  Assuming	  the	  sample	  is	  strain-­‐free,	   the	  artifactual	  circular	  polarisation	  will	  not	  be	  depolarised	  because	  this	  CP	  is	  only	  generated	  at	  the	  strained	  windows,	  after	  the	   emission	   beam	   has	   exited	   the	   sample.	   Assuming	   a	  maximum	   LP	   of	   0.5,	   it	  appears	  that	  the	  reflection/scattering	  reduces	  linear	  polarisation	  of	  the	  emission	  beam	  by	   up	   to	   30%	   in	   liquid	   nitrogen.	   This	   increases	   to	   nearly	   70%	  of	   linear	  polarisation	  lost	  in	  the	  gas	  phase.	  These	  numbers	  are	  approximate,	  and	  likely	  to	  be	  upper	  limits	  because	  of	  other	  sources	  of	  polarisation	  loss,	  such	  as	  reduction	  of	   LP	   of	   the	   excitation	   beam	   due	   to	   reflections	   and	   strain	   at	   the	   entrance	  windows.	   They	   nonetheless	   indicate	   a	   strong	   depolarisation	   effect	   due	   to	  sample-­‐cryogen	   boundaries.	   This	   creates	   an	   issue	   when	   measuring	   real	   CPL	  magnitudes	  in	  cracked	  samples,	  which	  is	  dealt	  with	  in	  the	  next	  section.	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From	  Figure	  3.7	  and	  using	  equation	  3.1,	  we	  may	  conclude	  that	  to	  reduce	  the	  CPL	  artifact	   from	  ~10–2	   to	   an	   acceptable	   level	   (below	  10–4),	   the	   linear	  polarisation	  should	  be	  reduced	  from	  ~0.35	  to	  below	  0.0035.	  	  Reduction	  of	  linear	  polarisation	  at	  angles	  around	  45°	  to	  vertical	  (referred	  to	  hereafter	  as	  LP45)	  is	  most	  important.	  The	  level	  of	  LP	  in	  the	  beam	  can	  be	  measured	  down	  to	  about	  0.0005,	  making	  this	  a	  relatively	  simple	  matter.	  	  	  
Experiment	  3:	  Minimisation	  of	  artifactual	  circular	  polarisation	  	  Figure	   3.8	   shows	   emission	   and	   CPL	   spectra	   of	   a	   fluorescein	   sample	   similar	   to	  that	   from	  Figure	  3.7.	  The	  CPL	  was	  measured	  with	  slightly	  polarised	  excitation,	  such	  that	  LP45	  in	  the	  emission	  beam	  was	  −0.02,	  +0.02,	  and	  <0.0005.	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It	   is	  worth	  emphasising	   that	  generation	  of	   the	  LP	  and	   resulting	  CPL	  artifact	   in	  Figure	  3.8	  required	  rotating	  the	  scrambler	  by	  less	  than	  5	  degrees	  (the	  scrambler	  was	  not	  equipped	  with	  an	  angle	   indicator).	  The	  practice	  of	   simply	  aligning	   the	  scrambler	   by	   eye,	   combined	   with	   uncontrolled	   positioning	   of	   the	   sample	   and	  cryostat	   in	   relation	   to	   the	   beam	   path,	   caused	   a	   most	   confounding	   lack	   of	  reproducibility	  in	  early	  measurements.	  	  Experiments	   such	   as	   that	   shown	   in	   Figure	   3.8	   had	   consistent	   results	   in	   good	  samples	   (provided	   they	   also	   passed	   the	   ‘N2	   crack	   test’,	   see	   below).	   The	  experiments	  repeatedly	  showed	  that	  artifactual	  circular	  polarisation	  can	  be	  kept	  to	   acceptable	   levels	   (ΔI/I	   below	  10–4)	   by	  placing	   the	  beam	  path	   in	   a	   region	  of	  horizontal/vertical	  strain,	  and	  keeping	  LP45	  at	  or	  below	  ~0.002.	  Emission	  beams	  with	  higher	  LP	  were	  occasionally	  artifact-­‐free;	   the	  determining	  factor	  probably	  being	   the	   location	   of	   the	   linear	   polarisation	  within	   the	   beam,	   as	   suggested	   by	  Table	   3.1.	   As	   discussed	  previously,	   the	  numerous	   fine	   cracks	   in	   these	   samples	  are	  most	   likely	   advantageous	   in	   cancelling	   artifactual	   CPL	   due	   to	   averaging	   of	  these	  effects.	  However	  the	  cracks	  create	  problems	  when	  a	  real,	  non-­‐zero	  CPL	  is	  to	  be	  measured,	  as	  detailed	  in	  the	  next	  section.	  	  	  3.3.3.	  Depolarised	  emission:	  Collection	  and	  correction	  	  Even	  using	  the	  protocols	  indicated	  above,	  which	  consistently	  gave	  the	  expected	  zero	  CPL	  signal	   from	  fluorescein,	   the	  CPL	  magnitude	   from	  different	  samples	  of	  CP43,	   which	   has	   a	   strong	   CPL	   signal	   in	   the	   context	   of	   this	   work,	   remained	  somewhat	   inconsistent,	   particularly	   when	   measured	   in	   different	   cryogenic	  media.	  	  	  It	   has	   been	   shown	   that	   beams	   passing	   through	   the	   sample	   become	   partly	  depolarised,	   and	   that	   the	   depolarisation	   is	   greater	   when	   the	   sample	   is	   in	   a	  gaseous	  medium	   compared	   to	  when	   in	   liquid	   nitrogen	   (e.g.	   Figure	   3.7).	   For	   a	  beam	   transmitted	   through	   the	   sample	   as	   in	   the	   absorption	   experiment,	   the	  depolarisation	   of	   detected	   light	   is	   small,	   but	   accompanied	   by	   a	   substantial	  decrease	   in	   the	   transmission	   (section	   3.2).	   When	   light	   is	   emitted	   from	   the	  sample,	   the	   effect	   on	   polarisation	   is	   much	   larger,	   and	   the	   anisotropy	   can	   be	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reduced	  by	  very	  significant	  amounts	  (Figure	  3.7).	  It	  was	  very	  clear	  that	  all	  these	  effects	  were	  correlated	  with	  the	  presence	  of	  visible	  cracks	  in	  the	  sample.	  	  	  As	  mentioned	  in	  section	  3.1,	  the	  cracks	  form	  a	  honeycomb-­‐like	  network.	  Smooth	  sections	   between	   cracks	   are	   consistently	   ~0.5–1	   mm	   across;	   the	   cracks	  themselves	   are	   much	   finer	   (perhaps	   50–100	   µm,	   though	   the	   eye	   is	   a	   poor	  indicator).	   When	   a	   beam	   is	   being	   transmitted	   through	   a	   sample,	   the	   crack	  network	  appears	  dark	  compared	  to	  the	  smooth	  sections	  of	  the	  sample.	  When	  the	  sample	  is	  emitting	  light,	  the	  network	  appears	  bright.	  These	  effects	  are	  typically	  more	  visible	  in	  samples	  of	  low	  protein	  concentration,	  and	  larger	  depolarisation	  effects	   were	   observed	   in	   such	   samples.	   When	   a	   physically	   smooth	   sample	   (a	  polymer	   film	   doped	   with	   a	   fluorophore)	   was	   used,	   no	   depolarisation	   effects	  were	  observed.	  Changing	  the	  medium	  from	  gaseous	  to	  liquid	  nitrogen	  with	  this	  sample	   caused	   no	   polarisation	   change	   or	   transmission	   change,	   save	   for	   the	  expected	   small	   transmission	   increase	   (~5–10%)	   in	   all	   experiments	   due	   to	  decreased	   reflection	   efficiency	   at	   the	   quartz/cryogen	   and	   sample/cryogen	  interfaces,	  which	  occurs	  because	  the	  refractive	  index	  difference	  is	  reduced.	  	  The	   processes	   that	   may	   occur	   when	   light	   encounters	   a	   crack	   are	   scattering,	  reflection,	  and	  refraction.	  All	  of	  these	  processes	  are	  enhanced	  by	  an	  increase	  of	  the	   change	   in	   refractive	   index	   (n)	   at	   the	   interface.	   For	   the	   bulk	   sample,	   n	   is	  probably	   in	   the	   range	   1.4–1.5,124,125	   while	   liquid	   and	   gaseous	   nitrogen	   have	  n	  =	  1.21	  and	  1.00	  respectively,	  so	  a	  change	  from	  liquid	  to	  gas	  medium	  enhances	  all	   three	   processes.	   Meaningful	   analysis	   is	   difficult	   because	   each	   process	  depends	   very	   strongly	   on	   orientation	   and	   other	   physical	   characteristics	   of	   the	  interface,	   which	   are	   essentially	   unknown.	   Instead,	   an	   empirical	   approach	  was	  used	  to	  estimate	  a	  lower	  limit	  for	  the	  depolarisation	  effect	  as	  described	  below.	  	  The	   results	   described	   above	   can	   be	   rationalised	   by	   assuming	   that	   light	  whose	  direction	   deviates	   upon	   interaction	   with	   a	   crack	   becomes,	   on	   average,	  depolarised.	   In	   a	   transmission	   experiment,	   very	   little	   of	   this	   light	   reaches	   the	  detector,	   because	   the	   entire	   beam	   is	   initially	   directed	   toward	   the	   detector	  whereas	  deviation	  can	  be	  in	  any	  direction—light	  leaving	  the	  sample	  in	  a	  random	  direction	   has	   a	   ~1	   in	   104	   chance	   of	   striking	   the	   collection	   lens.	   Light	   that	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interacts	  with	  cracks	   is	  mostly	   lost,	  whereas	  most	  of	   the	   light	   that	   reaches	   the	  collection	   lens	   has	   not	   interacted	  with	   a	   crack	   and	  maintains	   its	   polarisation.	  	  The	  observed	  depolarisation	  is	  of	  the	  order	  of	  a	  few	  percent,	  much	  higher	  than	  10–4,	  which	  suggests	  that	  deviation	  towards	  the	  collection	  lens	  is	  favoured;	  this	  may	  indicate	  reflection	  from	  cracks	  that	  are	  near-­‐parallel	  with	  the	  transmission	  direction	  (z-­‐axis).	  	  By	   contrast	   in	   the	   emission	   experiment,	   the	   sample	   gives	   off	   light	   in	   all	  directions,	  so	   if	  no	  cracks	  are	  present	  then	  only	  1	   in	  ~104	  photons	  reaches	  the	  detector.	   If	   cracks	   are	   oriented	   predominantly	   parallel	   with	   the	   z-­‐axis,	   (a	  reasonable	  expectation	  since	  this	  is	  by	  far	  the	  smallest	  dimension	  of	  the	  sample)	  then	  light	  emitted	  toward	  the	  collection	  lens	  is	   less	  likely	  to	  encounter	  a	  crack,	  while	  light	  emitted	  in	  any	  other	  direction	  is	  more	  likely	  to	  do	  so.	  	  If	  most	  photons	  are	  emitted	  away	  from	  the	  collection	  lens	  but	  strike	  a	  crack	  and	  have	  a	  “second	  chance”	  to	  be	  directed	  toward	  the	  lens,	  then	  increases	  in	  the	  detected	  emission	  by	  factors	  of	  ~2	  are	  not	  unexpected.	  The	  polarisation	  of	  the	  additional	  emission	  collected	  due	  to	  cracks	  cannot	  be	  easily	  predicted,	  but	  might	  be	  measured.	  	  	  This	  hypothesis	  was	  tested	  in	  a	  simple	  experiment	  referred	  to	  as	  the	  “N2	  crack	  test”.	  The	  fluorescence	  and	  CPL	  spectra	  of	  a	  sample	  exhibiting	  a	  real	  CPL	  signal	  were	  measured	   in	   gaseous	   nitrogen	   at	   80	   K,	   (with	   care	   to	   avoid	   the	   artifacts	  already	   discussed).	   The	   monochromator	   was	   set	   to	   a	   wavelength	   of	   strong	  emission/CPL	  and	  turned	  off,	  enabling	  the	  collection	  of	  fluorescence/CPL	  at	  one	  wavelength	  over	  time.	  The	  signals	  were	  collected	  for	  a	  brief	  period	   in	  nitrogen	  gas,	   then	   liquid	  nitrogen	  was	  allowed	   into	  the	  sample	  chamber	  (the	  cryostat	   is	  equipped	  with	  a	  needle	  valve)	  thus	  recording	  the	  changes	  in	  emission	  and	  CPL	  upon	  entry	  of	  N2(l).	  Figure	  3.9	  shows	  the	  results	  of	  a	  typical	  crack	  test	  on	  a	  good	  CP43	  sample.	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A	   small	   CPL	   increase	   is	   consistent	   with	   the	   expected	   slight	   increase	   in	   the	  transmission	  of	   the	   ‘real’	   emission	   through	   the	  glass-­‐liquid	   interfaces.	  Changes	  to	   the	  CPL	  significantly	  outside	   this	   range	  were	   strongly	   correlated	  with	  other	  “red	  flags”	  of	  poor	  optical	  quality,	  such	  as	  visible	  defects,	  large	  CD	  artifacts,	  and	  unusual	  linear	  polarisation	  behaviour	  of	  the	  fluorescence	  beam	  (the	  LP	  also	  did	  not	  change	  significantly	  upon	  addition	  of	  liquid	  N2	  in	  good	  samples).	  	  	  Therefore,	  large	  changes	  in	  CPL	  that	  occur	  upon	  changing	  the	  medium	  are	  likely	  to	  reflect	  a	  change	  in	  artifactual	  CPL	  associated	  with	  optical	   imperfections.	  The	  absence	   of	   such	   changes	  provides	   confidence	   that	   polarisation	   artifacts	   of	   this	  origin	  are	  not	  present	  in	  the	  CPL	  spectrum.	  Samples	  where	  the	  different	  medium	  induced	  a	  CPL	  change	  clearly	  outside	  the	  0–5%	  range	  were	  therefore	  deemed	  to	  have	  failed	  the	  N2	  crack	  test	  and	  were	  rejected	  for	  CPL	  spectroscopy.	  	  
Depolarisation	  correction	  	  For	  CPL	  measurements,	  samples	  were	  measured	  in	  gaseous	  or	  superfluid	  helium	  to	   access	   temperatures	   ranging	   between	   2–120	   K.	   Measurements	   in	   either	   of	  these	   media	   gave	   results	   indistinguishable	   from	   those	   in	   gas	   at	   similar	  temperature	  (the	  refractive	  index	  of	  liquid	  or	  superfluid	  helium129	  is	  1.03).	  	  	  	  To	  obtain	  a	  more	  accurate	  ΔI/I	   ratio	   for	  emission	   from	   the	  sample,	   clearly	   the	  fluorescence	  intensity	  should	  be	  corrected	  to	  eliminate	  the	  depolarised	  fraction.	  	  The	  chosen	  method	  was	  to	  adjust	  the	  total	  emission	  in	  gas/helium	  to	  its	  level	  in	  liquid	  nitrogen,	  by	  multiplying	  the	  ratio	  of	   liquid/gas	  emission	  intensity,	  which	  is	  less	  than	  1.	  The	  CPL	  was	  not	  adjusted.	  For	  the	  CP43	  sample	  in	  Figure	  3.9,	  the	  measured	   total	   emission	   was	   multiplied	   by	   a	   factor	   of	   0.61	   (the	   corrected	  emission	  and	  CPL	  spectra	  are	  presented	  in	  Chapter	  4).	  	  This	   factor	   does	   not	   correct	   for	   the	   depolarised	   emission	   that	   is	   still	   collected	  when	   the	   sample	   is	   in	   liquid	   nitrogen,	   however	   the	   dependence	   of	   the	   crack	  effects	  on	  refractive	  index	  is	  not	  at	  all	  well	  known	  and	  it	  was	  decided	  to	  use	  the	  lower	   limit	   for	   the	   correction,	   as	   obtained	   from	   the	   test.	   The	   low	   linear	  polarisation	   estimated	   for	   emission	   from	   fluorescein	   in	   liquid	   nitrogen	   (~0.35	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instead	   of	   0.5,	   see	   Figure	   3.7	   and	   accompanying	   text)	   suggests	   that	  depolarisation	   in	   liquid	  N2	  may	  be	  up	   to	  30%.	  However	   that	   result	  arose	   from	  depolarisation	  of	  both	  the	  excitation	  and	  emission	  beams.	  Depolarisation	  of	  only	  the	   emission	   beam	   is	   likely	   to	   be	   lower,	   and	   it	   is	   unclear	   whether	   linear	   and	  circular	  polarisation	  will	  be	  affected	  equally.	   It	   is	  estimated	  that	  depolarisation	  of	  the	  emission	  beam	  in	  liquid	  nitrogen	  is	  most	  likely	  between	  5–25%.	  	  The	   correction	   factor	   also	   does	   not	   correct	   for	   the	   slightly	   lower	   CPL	   signal	  observed	   in	   gas	   due	   to	   reduced	   transmission,	   which	   is	   around	   5%.	   After	   the	  correction,	   we	   then	   have	   an	   emission	   signal	   likely	   to	   be	   overestimated	   by	  ~5-­‐25%,	  and	  a	  CPL	  signal	  underestimated	  by	  ~5%.	  	  Based	  on	  the	  above	  arguments,	  it	  seems	  reasonable	  to	  state	  that	  the	  magnitudes	  of	  ΔI/I	  in	  the	  corrected	  CPL	  spectra	  are	  likely	  to	  be	  underestimated	  by	  between	  10%	  and	  30%	  of	   the	   total	  magnitude.	  The	  results	   in	   later	  chapters	  suggest	   the	  underestimate	  is	  at	  the	  low	  end	  of	  this	  range,	  because	  agreement	  between	  ΔI/I	  and	  ΔA/A	  of	  the	  excitonic	  transitions	  in	  PSII	  complexes	  is	  within	  ~10%.	  	  The	  correction	  factors	  for	  CPL	  samples	  ranged	  from	  0.58	  (for	  the	  CP47	  sample)	  to	   0.82	   (for	   spinach	   PSII	   core	   sample).	   These	   are	   stated	   in	   the	   experimental	  sections	   of	   Chapters	   4–6.	   The	   factors	   are	   strongly	   correlated	   with	   protein	  concentration;	   more	   concentrated	   samples	   had	   finer,	   less	   visible	   cracks	   and	  correction	  factors	  closer	  to	  1.	  Agreement	  between	  ΔI/I	  for	  different	  samples	  (of	  the	  same	  protein)	  after	  the	  crack	  correction	  was	  generally	  excellent;	  an	  example	  is	  Figure	  3.10	  in	  the	  next	  section.	  	  	  
3.3.4.	  	  	  Correction	  for	  reabsorption	  and	  CD	  	  The	  complexes	  under	  study	  here	  have	  emission	  spectra	  that	  overlap	  with	  their	  absorption	  bands,	  meaning	  some	  reabsorption	  of	  fluorescence	  will	  occur.	  Since	  the	   sample	   is	   optically	   active	   and	   there	   is	   CD	   in	   this	   region,	   LCP	   and	   RCP	  emission	  will	  be	  absorbed	  differently	  and	  the	  CPL	  spectrum	  will	  be	  affected.	  The	  geometry	  of	  the	  setup,	  with	  excitation	  at	  180°	  from	  collection	  (Figure	  2.8)	  is	  the	  least	  optimal	  arrangement	  in	  this	  regard;	  excitation	  at	  0°	  is	  clearly	  desirable	  but	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is	  not	  practicable	  for	  CPL	  measurements	  using	  this	  spectrometer.	  Using	  very	  low	  concentrations	   is	   the	   next	   obvious	   method	   for	   minimising	   reabsorption,	   but	  these	  have	  two	  disadvantages:	  firstly,	  the	  larger	  depolarisation	  due	  to	  cracks	  as	  described	   in	   the	  previous	  section,	  and	  secondly	   the	   reduced	  emission	  strength	  which	  decreases	  the	  signal-­‐to-­‐noise	  ratio	   for	  CPL	  spectra.	  A	  short	   investigation	  of	  the	  effect	  of	  reabsorption	  on	  CPL	  spectra	  was	  carried	  out.	  	  	  The	  absorbance	  of	  LCP	  and	  RCP	  can	  be	  determined	  from	  the	  absorbance	  and	  CD	  (AL/R	  =	  A	  ±	  0.5ΔA).	  With	   the	  absorbances	  known,	  along	  with	   the	  absorbance	  at	  the	  laser	  wavelength,	  it	  is	  not	  difficult	  to	  predict	  the	  effect	  of	  reabsorption	  on	  the	  emission	  and	  CPL	  spectra.	  The	   relationship	  between	   the	  detected	   fluorescence	  intensity	  Idet	  and	  the	  “real”	  (i.e.	  corrected)	  fluorescence	  intensity	  Ireal	  that	  would	  be	  detected	  in	  the	  absence	  of	  reabsorption	  is	  given	  by	  	  I!"# ! = C ! ∙ I!"#$ ! 	  	  	   where      C ! = !!"#!!"# ! !!!"# ∙ 10!!!"# − 10!!!"# !     .                                                        (3.2)  	  	  Here	  ALas	  and	  AFlu	  are	  the	  absorbance	  at	  the	  laser	  and	  fluorescence	  wavelengths	  respectively.	  The	  derivation	  is	  given	  in	  Appendix	  B.	  The	  corrected	  fluorescence	  spectrum	  is	  thus	  obtained	  by	  multiplying	  the	  detected	  fluorescence	  spectrum	  by	  the	  factor	  C–1,	  where	  C	  is	  the	  proportion	  of	  emission	  that	  escapes	  reabsorption	  at	  a	  given	  wavelength.	  	  	  If	  the	  absorbance	  at	  the	  fluorescence	  wavelength	  is	  CD-­‐active	  then	  two	  different	  values	  CL	  and	  CR	  are	  obtained	  for	  the	  different	  absorbances	  A!"#! 	  and	  A!"#! .	  These	  correction	  factors	  are	  applied	  to	  IL	  and	  IR,	  (which	  are	  obtained	  from	  the	  emission	  and	  CPL	  spectra)	  resulting	  in	  corrections	  to	  the	  both	  the	  total	  emission	  and	  the	  CPL.	  	  A	  small	  amount	  of	  a	  concentrated,	  older	  CP43	  preparation,	  (prepared	  by	  Picorel	  and	   Seibert	   for	   measurements	   by	   Hughes	   and	   Krausz64)	   was	   available.	  	  Absorption	  and	  CD	  spectra	  of	  a	  sample	  from	  this	  preparation	  (Figure	  3.10,	  top)	  gave	  AL	  =	  0.2512,	  and	  AR	  =	  0.2528	  at	  682.8	  nm,	  and	  apparent	  absorbance	  ALas	  at	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514	   nm	   of	   0.3.	   Substituting	   these	   values	   into	   equation	   3.2	   gives	   correction	  factors	  of	  (CL)–1	  =	  1.8844	  and	  (CR)–1	  =	  1.8880.	  	  The	  fluorescence	  and	  CPL	  spectra	  (normalised	  to	  1	  at	  the	  fluorescence	  peak)	  gave	  detected	  intensities	  for	  LCP	  and	  RCP	  as	  I!"#! = 0.9332  and	  I!"#! = 0.9387.	  Applying	  the	  correction	  factors	  changes	  these	   values	   to	   I!"#$! = 1.758 	  	   and	   I!"#$! = 1.772 ,	   so	   the	   emission	   anisotropy	  (equation	  1.14)	  changes	  from	  −5.9×10–3	  to	  −7.9×10–3.	  The	  positive	  CD	  feature	  at	  680	  nm	  has	  opposite	  effect	  on	  the	  anisotropy,	  but	  the	  effect	  on	  the	  CPL	  spectrum	  is	  less	  noticeable	  because	  the	  emission	  is	  much	  weaker	  at	  this	  wavelength.	  	  	  Comparison	  was	  made	  with	  a	  sample	  of	  the	   dilute	   preparation	   provided	   by	   R.	  Picorel	   (Chapter	   4;	   the	   concentrated	  CP43	   preparation	   was	   unfortunately	  used	  up	  making	  one	  good	  CPL	  sample).	  The	   lower	   absorbance	   and	   CD	   of	   the	  latter	   sample	   mean	   the	   correction	  factors	  are	  smaller,	  and	  the	  effect	  of	  the	  correction	   is	  practically	  negligible.	  The	  uncorrected	  and	  corrected	  CPL	  spectra	  of	   the	   two	   samples	   are	   compared	   in	  Figure	  3.10.	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The	  corrected	  CPL	  of	  the	  two	  samples	  is	  very	  similar,	  but	  the	  total	  emission	  from	  the	   older,	   concentrated	   sample	   is	   broader	   (bottom	   part	   of	   Figure	   3.10).	   The	  broader	  emission	  is	  characteristic	  of	  CP43	  stored	  with	  cryoprotectant	  for	  a	  long	  period,63	  which	  was	  the	  case	  for	  this	  sample.	  	  The	   similarity	   of	   the	   corrected	   CPL	   lineshapes	   suggests	   that	   the	   reabsorption	  correction	  is	  reliable.	  The	  very	  good	  match	  in	  corrected	  CPL	  magnitudes	  may	  be	  partly	   fortuitous,	   given	   the	   uncertainties	   that	   arise	   from	   depolarisation.	   The	  depolarisation	  correction	  was	  applied	  to	  both	  fluorescence	  curves	  (factor	  of	  0.61	  for	  dilute	  and	  0.73	  for	  concentrated	  samples).	  	  Although	   the	   reabsorption	   correction	   appears	   to	   be	   accurate,	   applying	   a	  correction	   that	   causes	   substantial	   changes	   to	   the	   measured	   lineshape	   is	   not	  desirable,	   so	   dilute	   samples	   were	   preferred	   for	   CPL	   spectroscopy.	   CP43	   and	  CP47	   samples	  with	  peak	  absorbance	  A~0.1	  were	  used	   for	  CPL.	   For	  PSII	   cores,	  slightly	  more	  concentrated	  samples	  (A~0.3)	  were	  necessary	  in	  order	  to	  measure	  the	  CPL	  at	  temperatures	  ≥80	  K,	  because	  the	  fluorescence	  yield	  is	  much	  lower.	  	  	  All	   the	   fluorescence	   and	   CPL	   spectra	   in	   Chapters	   4–6	   have	   been	   corrected	   for	  reabsorption.	   Since	   relatively	   dilute	   samples	   were	   used,	   the	   correction	   made	  negligible	  difference	   to	   the	   final	   analyses	  with	  one	   exception:	   the	   spinach	  PSII	  core	  sample	  had	  a	  strong	  narrow	  CD	  feature	  at	  683	  nm	  (Figure	  6.7)	  which	  led	  to	  the	  (negative)	  ΔI/I	  magnitude	  at	  this	  wavelength	  being	  increased	  by	  ~50%.	  This	  resulted	   in	   a	   larger	   component	   of	   the	   spinach	   fluorescence	   spectrum	   being	  assigned	  to	  the	  “B”	  state	  of	  CP43	  (section	  6.4).	  	  	  
3.4	   Discussion	  
	  Attempting	   to	   measure	   CPL	   from	   frozen	   glass	   samples	   in	   a	   vacuum	   cryostat,	  with	  a	  required	  precision	  of	  10–4	  was,	  with	  hindsight,	  an	  ambitious	  undertaking.	  	  Artifactual	   circular	   polarisation	   is	   very	   sensitive	   to	   linear	   polarisation	   in	   the	  emission	   beam,	  mainly	   due	   to	   strain	   in	   the	   cryostat	   windows,	   (section	   3.3.2).	  This	   is	   accompanied	   by	   depolarisation	   of	   the	   real	   CPL	   signal	   via	   reflections	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and/or	   scattering	  within	   the	   sample	   (section	   3.3.3).	   The	   combination	   of	   these	  two	  phenomena,	  which	  are	  both	  driven	  by	  interaction	  of	  the	  emission	  beam	  with	  dielectric	  interfaces	  at	  cracks	  in	  the	  sample,	  took	  some	  time	  to	  unravel	  in	  order	  to	  reliably	  estimate	  the	  artifact	  size.	  	  It	  was	   shown	   that	   the	  artifactual	  CPL	   can	  be	   reduced	   to	  near-­‐negligible	   levels,	  (ΔI/I	  below	  ~10–4)	  in	  section	  3.3.2.	  A	  method	  of	  correcting	  for	  the	  depolarisation	  was	   described	   in	   section	   3.3.3.	   The	   two	   other	   CPL	   artifacts	   were	   filter	  fluorescence	   (section	   3.3.1)	   and	   reabsorption	   (3.3.4);	   these	   were	   relatively	  easily	   avoided	   once	   identified.	   A	   brief	   discussion	   of	   the	   CPL	   literature	   in	   the	  context	   of	   these	   observations	   is	   given	   below,	   followed	   by	   suggestions	   for	   an	  improved	   low-­‐temperature	   CPL	   system.	   A	   detailed	   procedure	   for	   the	  measurement	  of	  artifact-­‐free	  CPL	  spectra	  is	  given	  in	  section	  3.5.	  
	  
3.4.1.	  	  	  CPL	  in	  the	  literature	  	  The	  estimated	  strain	  in	  the	  system	  (section	  3.3.2)	  can	  be	  compared	  to	  the	  results	  of	   a	   similar	   investigation	   by	   Shindo	   &	   Nakagawa.61	   That	   study	   investigated	  artifactual	   CPL	   in	   achiral	   dyes	   in	   dilute	   solution	   at	   room	   temperature,	   and	  concluded	   that	   the	  most	   significant	   source	  of	  birefringence	   in	   that	   system	  was	  static	  strain	  in	  the	  photoelastic	  modulator.	  The	  estimated	  strain	  retardation	  was	  between	   ~0.0002	   to	   0.0007	   radians	   at	   visible/UV	   wavelengths.	   Perhaps	  unsurprisingly,	   the	   estimates	   made	   here	   of	   strain	   associated	   with	   vacuum	  windows	  are	  much	  higher,	  with	  ϕstr	  around	  0	  to	  0.05	  radians	  near	  the	  centre	  of	  the	  window,	  depending	  on	  location.	  	  	  The	  other	  artifact	  suspected	  during	  investigations	  in	  the	  1980s	  was	  a	  potential	  contribution	  from	  the	  second	  harmonic	  of	  the	  linear	  polarisation	  signal,61	  which	  may	  not	  be	   fully	   rejected	  by	   the	   lock-­‐in	  amplifier.	  With	   the	   low	  LP	   levels	  used	  here,	  any	  contribution	  from	  this	  artifact	  was	  entirely	  negligible.	  	  As	   mentioned	   in	   Chapter	   1,	   commercial	   CPL	   spectrometers	   have	   recently	  become	   available.	   Such	   a	   spectrometer	   was	   used	   recently	   to	   demonstrate	  artifacts	   in	  CPL	  of	  crystals.62	  Although	  the	  analysis	   is	  similar	  to	  that	  performed	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here,	  comparison	   is	  difficult.	  This	   is	  due	  partly	  to	  the	  choice	  of	  ellipticity	  (!,	   in	  millidegrees)	  for	  the	  units	  of	  CPL	  intensity	  (ΔI	  was	  used	  here).	  The	  choice	  seems	  to	  stem	  from	  a	  suggestion59	  that	  the	  CPL	  spectrometer	  can	  be	  calibrated	  using	  a	  solution	   of	   known	   CD,	   with	  ∆I = tan! .	   Although	   the	   spectrometer	   can	   be	  calibrated	   in	   this	   way,	   the	   above	   equality	   is	   not	   correct.	   Ellipticity	   was	  traditionally	  used	  in	  CD	  experiments84	  because	  the	  ellipticity	  θ	  is	  proportional	  to	  ΔA;	   both	   parameters	   rise	   when	   absorbance	   is	   increased	   (e.g.	   due	   to	   higher	  concentration	  or	  path	   length).	  This	   is	  not	   the	  case	   for	  ΔI,	  which	   increases	  with	  emission	   intensity	  while	   the	  ellipticity	  does	  not.	  The	  ellipticity	  of	   the	  emission	  beam	  in	  fact	  informs	  on	  the	  ratio,	  ΔI/I.	  Further	  clarification	  of	  this	  point	  would	  be	   useful,	   but	   for	   now	   is	   left	   for	   future	   work.	   In	   general,	   it	   is	   suggested	   that	  definitions	  in	  terms	  of	  IL	  and	  IR,	  are	  more	  useful	  than	  ellipticity	  for	  CPL	  (and	  also	  for	  modern	  CD	  experiments).	  	  Much	  of	  the	  modern	  CPL	  literature	  aims	  to	  demonstrate	  strong	  CPL	  with	  ΔI/I	  in	  the	   range	   0.01	   to	   1,	   generally	   at	   room	   temperature.130,131	   In	   such	   studies,	   the	  levels	   of	   artifactual	   circular	   polarisation	   are	   unlikely	   to	   be	   of	   consequence.	  Similarly,	   if	   the	   goal	   is	   to	   simply	  demonstrate	   inverse	   chiroptical	   behaviour	  of	  enantiomeric	   R-­‐	   and	   S-­‐type	   structures,	   an	   opposing	   CPL	   sign	   is	   likely	   to	   be	   a	  good	   indicator	   even	   if	   artifacts	   are	   present.132,133	   However	   for	   strongly	  scattering	   samples	   such	   as	   nanoparticle	   films134	   the	   contribution	   of	   scattered	  light	  to	  the	  emission	  and	  CPL	  spectra	  may	  be	  relevant.	  	  	  Low-­‐temperature	  CPL	   in	   the	  current	   literature	  appears	   to	  be	   restricted	  almost	  entirely	  to	  semiconductor	  nanostructures.134,135	  Again,	  signals	  are	  generally	  very	  strong	  so	  significant	  artifacts	  may	  be	  unlikely.	  It	  seems	  to	  be	  common	  practice	  in	  this	   literature	   to	   discuss	   the	   CPL	   purely	   in	   terms	   of	   internal	   processes	   of	   the	  nanostructures,	   with	   little	   detail	   of	   the	   precise	   measurement	   conditions.	   This	  often	   makes	   it	   difficult	   to	   assess	   the	   validity	   of	   discussion	   (at	   least,	   for	   one	  outside	  the	  field).	  	  	  In	  general	  when	  reporting	  CPL	  spectra	  it	  is	  clearly	  useful	  to	  also	  report	  to	  what	  extent	   the	   absence	   of	   artifacts	   has	   been	   demonstrated,	   and	   spectra	   should	   be	  analysed	  with	  this	  level	  of	  accuracy	  in	  mind.	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In	   photosynthesis,	   CD	   and	   CPL	   are	   induced	   by	   the	   large	   scale	  macrostructure	  within	  thylakoid	  grana.53,54,136,137	  Again,	  such	  CPL	  signals	  are	  stronger	  than	  those	  measured	   here,	   and	   artifacts	   have	   generally	   been	   appropriately	   discussed.53,54	  However,	   although	   these	   complexes	   exhibit	   circular	   intensity	   differential	  scattering	  (CIDS),	  a	  possible	  contribution	  of	  scattered	  light	  to	  the	  emission	  and	  CPL	  spectra	  appears	  not	  to	  have	  been	  considered,54	  although	  Gafni	  claimed	  that	  scattering	   would	   not	   affect	   the	   CPL.53	   If	   light	   scattering	   has	   a	   circular	  polarisation	  dependence,	  then	  its	  effect	  on	  the	  CPL	  spectrum	  seems	  unlikely	  to	  be	  negligible.	  If	  so,	  further	  analysis	  may	  be	  useful.	  	  	  
3.4.2.	  	  	  Possible	  improvements	  to	  the	  apparatus	  	  	  Clearly	   the	  experimental	   apparatus	   for	   low	   temperature	  CPL	   spectroscopy	  can	  be	  improved	  to	  make	  artifact	  elimination	  easier.	  First,	  a	  method	  of	  creating	  ideal	  samples	  without	   strain	   or	   cracks	   is	   needed.	   This	  might	   be	   achieved	   either	   by	  using	  extremely	  thin	  samples	  of	  high	  concentration	  or	  by	  cooling	  samples	  very	  slowly—both	  methods	   present	   practical	   challenges	  which	   can,	   in	   principle,	   be	  overcome.	  	  	  Second,	   the	   use	   of	   vacuum	   cryostats	   is	   problematic.	   Removing	   the	   strained	  vacuum	   windows	   would	   likely	   make	   reproducible	   results	   much	   easier	   to	  achieve,	  because	  eliminating	   strain	   in	   the	  beam	  path	  would	  greatly	   reduce	   the	  size	  of	  the	  CPL	  artifact	  that	  arises	  when	  LP	  is	  present.	  It	  is	  difficult	  to	  imagine	  a	  helium	  cryostat	  without	  vacuum	  windows,	  but	  careful	  design	  to	  minimise	  strain	  may	  be	  useful.	  	  A	   freely	   rotating	   modulator/polariser	   assembly,	   to	   analyse	   the	   circular	   and	  linear	  polarisation	  signals	  at	  all	  possible	  orientations,	  would	  be	  a	  practical	  and	  useful	   improvement	   of	   the	   current	   setup.	   Changing	   to	   0°	   detection	   geometry,	  would	  also	  be	  beneficial,	  since	  this	  geometry	  would	  minimise	  the	  reabsorption	  and	  depolarising	  effects	  of	  the	  sample.	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3.5	   Procedure	  for	  CPL	  Measurements	  
	  To	  ensure	  CPL	  measurements	  were	  reproducible	  and	  as	  accurate	  as	  possible,	  the	  following	  refinements	  were	  made	  to	   the	  basic	  methods	   from	  section	  2.2.3,	  and	  were	  performed	  for	  all	  CPL	  samples.	  	  
3.5.1.	  	  	  Characterisation	  of	  sample	  quality	  	  1)	   After	   preparing	   the	   sample	   (section	   2.4)	   and	   glassing	   into	   liquid	   nitrogen,	  sample	  was	  inspected	  in	  situ	  to	  ensure	  the	  absence	  of	  any	  major	  visible	  defects.	  2)	  Absorbance	  and	  CD	  were	  measured,	  for	  sample	  characterisation	  and	  for	  later	  application	  of	  reabsorption	  correction.	  3)	  Additive	  CD	  test	  was	  performed	  (section	  3.2.3),	  to	  ensure	  that	  loss	  of	  circular	  polarisation	   in	   beam	   transmitted	   through	   the	   sample	   is	   reasonable	   (≤2%	   in	  liquid	   nitrogen,	   ≤4%	   in	   gas—higher	   values	   generally	   led	   to	   inconsistent	   CPL	  behaviour)	  4)	  The	  N2	  crack	  test	  was	  performed	  (section	  3.3.3)	  using	  the	  CPL	  measurement	  protocols	  below,	   to	  obtain	  the	  depolarisation	  factor	   for	  emission	  and	  check	  for	  CPL	  artifacts.	  5)	  Sample	  was	  cooled	  to	  liquid	  helium	  temperatures	  and	  emission/CPL	  spectra	  collected	  using	  the	  CPL	  measurement	  protocols.	  The	  ΔI/I	  ratio	  in	  helium	  gas	  at	  ~80	  K	  should	  match	  that	  in	  nitrogen	  gas	  at	  the	  same	  temperature.	  	  
3.5.2.	  	  	  CPL	  measurement	  protocols	  	  The	  emission	  setup	  of	  Figure	  2.8,	  was	  used,	  except	  the	  filter	  was	  placed	  in	  front	  of	  the	  modulator.	  The	  polariser	  P	  was	  initially	  vertical,	  so	  linear	  polarisation	  of	  the	  emission	  beam	  in	  the	  vertical-­‐horizontal	  axes	  (LPV)	  could	  be	  measured.	  The	  excitation	   beam	   was	   passed	   through	   a	   linear	   polariser	   (Pex	   in	   Figure	   2.8)	   to	  ‘clean	  up’	  the	  Ar+	  laser	  polarisation,	  and	  then	  through	  a	  spatial	  scrambler.	  With	  the	   monochromator	   set	   to	   detect	   a	   wavelength	   near	   the	   emission	   peak,	   the	  scrambler	  was	  rotated	  carefully	  until	  LPV	  in	  the	  emission	  beam	  was	  minimised.	  Once	  LPV	  was	  minimised,	   the	  polariser	  and	  modulator	   (P	  and	  M	   in	  Figure	  2.8)	  were	  rotated	  by	  45°	  from	  vertical,	  so	  that	  the	  LP	  in	  this	  direction	  (LP45)	  could	  be	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measured.	  The	  LP45	  was	  minimised	  by	  rotating	  the	  scrambler;	   in	  good	  samples	  this	  now	  required	  tiny	  rotations	  or	  none	  at	  all.	  	  	  For	   acceptable	   samples	   and	   beam	   alignments,	   the	   minimised	   LP	   in	   both	  orientations	  was	  ≤0.001	  and	  the	  scrambler	  orientation	  that	  led	  to	  this	  was	  close	  to	  45°	   to	   that	  of	   the	   laser	  polariser	   (within	  ~2°),	  meaning	   laser	  polarisation	   is	  effectively	  scrambled.	  With	  poor	  samples	  (e.g.	  those	  with	  a	  few	  large	  cracks),	  the	  LP	  often	  minimised	  at	  somewhat	  different	  scrambler	  orientations,	  meaning	  the	  excitation	  beam	  retained	  substantial	  LP.	  In	  these	  cases,	  it	  is	  likely	  that	  LP	  in	  the	  emission	   beam	   due	   to	   polarised	   excitation	   cancels	   LP	   from	   reflection	   at	  interfaces.	  Such	  samples	  were	  rejected	  for	  CPL	  spectroscopy;	  they	  also	  typically	  failed	  the	  N2	  crack	  test	  (section	  3.3.3).	  	  CPL	  spectra	  were	  then	  measured	  as	  described	  in	  section	  2.2.3,	  while	  monitoring	  the	  LP45	  to	  ensure	  it	  did	  not	  rise	  above	  ~0.001.	  Via	  this	  method,	  CPL	  of	  different	  samples	  was	   reproducible,	  with	   variation	   in	  ΔI/I	   of	   around	  10–4.	   This	   is	   about	  10%	  of	  a	  weak	  CPL	  signal	  (such	  as	  from	  CP47,	  Chapter	  5)	  and	  lower	  for	  a	  strong	  one	  (such	  as	  CP43	  at	  low	  temperature,	  Figure	  3.10)	  	  	  	  Depolarisation	   processes	   were	   corrected	   for	   via	   the	   depolarisation	   correction	  factor,	  which	  was	  obtained	  as	  described	  in	  section	  3.3.4.	  It	  is	  estimated	  that	  after	  the	  correction,	  the	  true	  ΔI/I	  magnitude	  for	  CPL	  is	  likely	  to	  be	  understated	  by	  10–30%.	  The	  results	  in	  the	  remainder	  of	  this	  thesis	  suggest	  that	  the	  understatement	  is	   toward	   the	   low	   end	   of	   this	   range,	   because	   ΔI/I	   values	   match	   ΔA/A	   within	  ~10%	  where	  they	  are	  comparable.	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Chapter	  4:	  	   The	  CP43	  Protein:	  	  
	   	   	   A	  test	  case	  for	  CPL	  spectroscopy	  
	  
	  
4.1	   Introduction	  
	  The	  CP43	  proximal	  antenna	  protein	  was	  isolated	  from	  cyanobacteria	  in	  1987138	  and	   from	   higher	   plants	   in	   1994.139	   X-­‐ray	   crystal	   structures	   have	   subsequently	  revealed	   that	   in	  cyanobacteria,	  CP43	  binds	  a	   total	  of	  13	  chlorophyll	  a	   and	   two	  
β-­‐carotene	   molecules.	   The	   chlorophylls	   are	   in	   two	   distinct	   layers:	   eight	   are	  located	  on	  the	  stromal	  side	  of	  the	  membrane	  and	  four	  on	  the	  lumenal	  side,	  with	  one	  ‘inter-­‐layer’	  chlorophyll.	  (See	  section	  1.1	  for	  context	  on	  the	  location	  of	  CP43	  in	  the	  overall	  PSII	  apparatus.)	  
	  
	  
Figure	  4.1:	  Chlorophylls	  of	  CP43	  from	  the	  PSII	  crystal	  structure,16	  with	  phytyl	  tails	  removed	  for	  clarity	   and	   protein	   backbone	   in	   the	   background.	   Left:	   view	   from	   in	   the	   plane	   of	   the	   thylakoid	  membrane.	   	  Right:	   	  As	  viewed	   from	  above	   the	  membrane.	   	  Colours	  represent	  strongly	  coupled	  domains	  as	  identified	  in	  Shibata	  et	  al.46;	  	  ‘isolated’	  chlorophylls	  are	  green.	  The	  reaction	  centre	  is	  to	   the	   right	   of	   both	   images.	   The	   three	   chlorophylls	   considered	   likely	   to	   have	   the	   lowest	   site	  energy	  are	  labelled	  according	  to	  the	  numbering	  of	  Umena	  et	  al.16	  






	   93	  
behaviour.	   Groot	   et	   al.57	   measured	   absorption	   and	   fluorescence	   at	   a	   range	   of	  temperatures	  between	  5	  K	  and	  260	  K.	  They	  found	  that	  the	  low-­‐energy	  side	  of	  the	  absorption	  spectrum	  contained	  one	  very	  narrow	  band	  at	  682.5	  nm.	  This	  narrow	  band	  overlapped	  with	  a	  broader	  band,	  the	  red	  tail	  of	  which	  was	  responsible	  for	  the	  red-­‐most	  absorption	  of	  the	  complex,	  beyond	  685	  nm.	  The	  main	  fluorescence	  band	  at	  5	  K	  was	  asymmetric,	  peaking	  at	  683	  nm	  with	  a	  broader	  half-­‐width	  on	  the	  red	  side	  than	  on	  the	  blue,	  and	  had	  a	  weak	  dependence	  of	   its	  quantum	  yield	  on	  temperature.	   The	   presence	   of	   two	   different	   emitting	   states	   was	   confirmed	   by	  fluorescence	   line-­‐narrowing	   (FLN)	   results.57	  The	   same	   study	  also	   reported	   the	  77	   K	   circular	   dichroism	   (CD)	   spectrum,	   revealing	   a	   strong	   doublet	   feature	   at	  683	  nm.	  This	  spectrum	  was	  significantly	  non-­‐conservative,	  but	  this	  is	  most	  likely	  due	  to	  measurement	  artifacts	  as	  discussed	  in	  section	  3.2.	  	  Jankowiak	   et	   al.66	   reported	   resonant	   and	   non-­‐resonant	   hole-­‐burning	  experiments	   (see	   section	   1.3.9)	   and	   identified	   the	   same	   two	   quasi-­‐degenerate	  states,	   labelling	   the	  broader	  one	   the	   ‘A’	   state	  and	   the	  narrow	  one	   the	   ‘B’	   state;	  this	  notation	  is	  used	  throughout	  this	  work.	  These	  measurements	  confirmed	  very	  weak	  electron-­‐phonon	  coupling	  (Huang-­‐Rhys	  factor	  S	  ~	  0.2),	  in	  agreement	  with	  a	  correspondingly	  small	  Stokes	  shift	  of	  the	  fluorescence	  maximum.	  On	  the	  basis	  of	  the	  narrow	  resonant	  hole-­‐widths	  it	  was	  initially	  thought	  that	  energy	  transfer	  between	   the	   A	   and	   B	   states	   was	   very	   slow	   (>	   5	   ns).	   However	   time-­‐resolved	  absorption	   and	   fluorescence	   measurements	   by	   de	   Weerd	   et	   al.95	   gave	   no	  indication	   of	   any	   such	   slow	   transfer.	   The	   slowest	   time	   constant,	   assigned	   to	  transfer	   between	   the	   stromal	   and	   lumenal	   layers,	   was	   2–3	   ps	   at	   77	   K.	   It	   was	  subsequently	  realised	  that	  the	  correct	  description	  of	  the	  hole-­‐burning	  data	  was	  given	   by	   fast	   energy	   transfer	   between	   different	   states	   with	   overlapping,	  uncorrelated	  energies.97	  Since	  the	  energy	  transfer	  rates	  are	  much	  faster	  than	  the	  fluorescence	  lifetime	  (~5	  ns),	  fluorescence	  arises	  from	  a	  collection	  of	  low	  energy	  states	   dictated	   by	   their	   pseudo-­‐Boltzmann	   population.	   The	   resulting	  fluorescence	  lineshape	  in	  this	  situation	  was	  discussed	  in	  section	  1.3.8.	  	  Hughes	  et	  al.	   reported	  simultaneously-­‐measured	  CD	  and	  absorption	  of	  CP43	  at	  1.7	   K,65	   utilising	   the	   low-­‐temperature	   CD	   protocols	   developed	   in	   the	   Krausz	  group	  and	  discussed	  in	  previous	  chapters.	  Their	  work	  showed	  that	  the	  CD	  was	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essentially	  conservative,	  and	  confirmed	  that	  the	  narrow	  B	  state	  had	  a	  doublet	  CD	  signature	   characteristic	   of	   a	   weakly-­‐coupled	   dimer,	   while	   the	   broader	   A	   state	  had	  negative	  CD	  on	  the	  red	  side	  of	  the	  spectrum.	  They	  also	  measured	  the	  effect	  of	   strong	   non-­‐resonant	   illumination	   on	   these	   spectra,	   demonstrating	   that	   the	  absorbance	   of	   both	   of	   the	   lowest-­‐energy	   states	   blue-­‐shifted	   upon	   strong	  illumination,	  with	   the	  B	  state	   shifting	  more	  efficiently	  upon	  weak	   illumination.	  	  Hughes	   et	   al.64	   had	   previously	   suggested	   that	   the	   large,	   efficient	   blue	   shift	   in	  absorption	  must	   arise	   from	   a	   specific	   process	   termed	   photoconversion,	  which	  significantly	  altered	   the	  site	  energies	  of	   the	  B	  state	  chlorophylls,	  perhaps	  via	  a	  configurational	  change	  involving	  the	  strong	  hydrogen	  bond	  detected	  by	  FLN.57	  	  	  Dang	   et	   al.63	   found	   that	   sample	   storage	   and	   preparation	   had	   an	   effect	   on	   the	  lowest	   site	   energy	   distributions.	   Sonication	   before	   freezing	   for	   spectroscopy	  resulted	   in	   a	  more	   pronounced	  ~683	   nm	   absorption	   from	   the	   narrow	  B	   state	  and	  a	  reduction	  in	  non-­‐resonant	  hole-­‐burning	  (NRHB,	  see	  section	  1.3.9)	  at	  686	  nm.	  The	  un-­‐sonicated	  sample	  also	  had	  a	  broader	  fluorescence	  spectrum	  due	  to	  increased	   contributions	   from	   bands	   at	   ~687	   nm	   and	   ~679	   nm.	   The	   authors	  concluded	  that	  a	  substantial	  fraction	  of	  the	  fluorescence	  beyond	  685	  nm	  was	  due	  to	  aggregates	  even	  in	  the	  sonicated	  sample.	  	  The	   NRHB	   results	   of	   Dang	   et	   al.	   were	   analysed	   computationally	   by	   Reppert	  et	  al.43	   who	   demonstrated	   that	   the	   blue	   shift	   of	   absorption	   in	   the	   NRHB	  spectrum	  could	  arise	  from	  a	  redistribution	  of	  dipole	  strength	  into	  higher	  energy	  states,	  even	  if	  Qy	  site	  energies	  remain	  within	  their	  inhomogeneous	  distributions	  during	   the	   non-­‐resonant	   hole-­‐burning	   process.	   The	   authors	   found	   this	  description	  preferable	  to	  the	  ‘photoconversion’	  theory	  of	  Hughes	  et	  al.64,65	  on	  the	  basis	   that	   that	   it	  did	  not	   require	   shifting	  of	   site	   energies	  outside	   their	  original	  inhomogeneous	   distributions.	   The	   dipole	   strength	   redistribution	   appeared	   to	  require	  Chl	  635	  to	  be	  either	  the	  A	  or	  the	  B	  state,	  and	  the	  authors	  concluded	  the	  A	  and	  B	  states	  were	  most	  likely	  localised	  on	  Chl	  635	  and	  631	  respectively.	  	  The	  calculations	  of	  Reppert	  et	  al.	  did	  not	  incorporate	  CD	  spectra.	  Raszewski	  and	  Renger’s	   seminal	   calculations39	   accounted	   for	   many	   experimental	   results,	   but	  again	  an	  adequate	  simulation	  of	   the	  CP43	  CD	  spectrum	  was	  not	  obtained.	  Muh	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et	  al.45	   calculated	   CP43	   site	   energies	   using	   the	   2.9	   Å	   crystal	   structure15	   and	  refined	  them	  by	  fitting	  to	  experimental	  absorption,	  CD	  and	  LD.	  To	  qualitatively	  fit	   the	   683	   nm	   doublet	   in	   the	   CD	   spectrum	   they	   refined	   the	   site	   energy	  distributions	  of	  Chls	  634	  and	  636	  to	  low	  energies,	  effectively	  assigning	  these	  two	  chlorophylls	  to	  the	  B	  state.	  A	  red-­‐shifted	  site	  energy	  was	  calculated	  for	  Chl	  631	  and	   this	   was	   considered	   the	   best	   candidate	   for	   the	   quasi-­‐degenerate	   A	   state.	  Later	  exciton	  calculations	  by	  Shibata	  et	  al.46	  resulted	  in	  a	  similar	  qualitative	  fit	  to	  the	  red	  side	  of	  the	  CD.	  An	  improved	  fit	  for	  the	  B	  state	  was	  obtained	  by	  narrowing	  the	   inhomogeneous	   distributions	   of	   Chls	   634(43)	   and	   636(45)	   to	   90	   cm–1	   (cf.	  150	  cm−1	  for	  the	  other	  core	  antenna	  pigments).	  	  The	   latter	   two	   calculations	   succeeded	   in	   fitting	   the	   narrow	   +/-­‐	   doublet	   CD	  feature	  at	  683	  nm,	  but	  appear	  to	  still	  underestimate	  the	  negative	  CD	  of	  the	  red	  tail	  absorption,	  i.e.	  of	  the	  broader	  A	  state.	  Both	  calculations	  used	  the	  method	  of	  localised	   exciton	   domains,39	   where	   delocalisation	   is	   only	   allowed	   between	  relatively	   strongly	   coupled	   chlorophylls.	   Of	   the	   three	   computational	   works	  discussed	   above	   that	   addressed	   CD,	   all	   three	   used	   the	   non-­‐conservative	  literature	   spectrum57	   and	   commented	   that,	   since	   only	   conservative	   CD	   signals	  can	  be	  described	  by	  exciton	  theory,	  perfect	  fits	  could	  not	  be	  expected.	  However,	  as	   demonstrated	   in	   Chapter	   3,	   low	   temperature	   CD	   measurements	   can	   be	  subject	  to	  artifacts	  and	  the	  true	  CD	  of	  CP43	  is	  essentially	  conservative.	  	  	  The	  conservative	  nature	  of	   the	  CD	  of	  CP43	  suggests	   that	   it	   likely	  arises	  almost	  entirely	   from	   exciton	   coupling.	   Since	   in	   this	   scenario	   the	   CPL	   of	   each	  fluorescence	   transition	   is	   expected	   to	   match	   the	   CD	   of	   the	   corresponding	  absorption	  transition,	  we	  should	  be	  able	  to	  observe	  the	  negative	  (right)	  circular	  polarisation	   of	   both	   the	   A	   and	   B	   state	   transitions	   in	   the	   low-­‐temperature	  emission.	   Furthermore,	   if	   the	   states	   giving	   rise	   to	   the	   +/–	   CD	   doublet	   are	  excitonically	   correlated	   then	   at	   the	   lowest	   temperatures	   one	   expects	   only	   the	  lowest	   state	   to	   be	   populated,	   which	   will	   always	   have	   negative	   CD/CPL.	   The	  separation	  between	  the	  +/–	  states	  is	  around	  20–40	  cm–1,	  so	  as	  the	  temperature	  is	   increased	  the	  population	  of,	  and	  emission	  from,	  the	  higher	  energy	  state	  with	  positive	   (left)	   circular	   polarisation	   should	   be	   observed	   (thermal	   energy	   kT	   is	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~20	   cm–1	   at	   30	  K).	   Such	   clear	   predictions	  make	   CP43	   an	   ideal	   candidate	  with	  which	  to	  develop	  the	  low-­‐temperature	  CPL	  technique.	  	  	  	  From	  the	  discussion	  above	  and	  in	  Chapter	  3,	  it	  is	  clear	  that	  any	  sample	  used	  for	  CPL	  should	  be	   fully	   characterised	   in	  absorbance,	   fluorescence	  and	  CD,	   so	  as	   to	  check	   the	   optical	   quality	   and	   sample	   homogeneity	   of	   the	   sample.	   The	   spectral	  effects	   of	   non-­‐resonant	   hole-­‐burning	   (photophysical	   changes	   that	   occur	   upon	  low	   temperature	   illumination)	  must	   also	   be	  measured	   because	   their	   effect	   on	  fluorescence	   spectra	  has	  not	  been	   reported—the	  CPL	  measurement	   inherently	  requires	   strong	   excitation	   illumination,	   so	   the	   possible	   influence	   of	   these	  processes	   should	  be	   investigated.	   In	   the	   following	   section	   the	  preparation	   and	  characterisation	   of	   a	   good	   CP43	   sample	   is	   described,	   and	   based	   on	   the	   CD	   a	  prediction	   is	  made	   for	   the	  CPL	  spectrum.	  The	  CPL	   results	  on	   the	   same	  sample	  are	  presented	  in	  section	  4.3.	  Basic	  exciton	  calculations	  follow	  in	  section	  4.4	  and	  the	  effects	  of	  strong	  illumination	  on	  the	  sample	  are	  shown	  to	  be	  relatively	  small	  in	  section	  4.5.	  
	  
	  
4.2	   	  Preparation	  and	  Characterisation	  of	  CP43	  
	  
4.2.1.	  	  	  Sample	  preparation	  	  The	   isolated	   CP43	   samples	   used	  were	   kindly	   provided	   by	   Rafael	   Picorel,	   who	  prepared	   it	   in	   his	   Zaragoza	   laboratory	   using	   previously	   described	   methods.56	  The	  sample	  was	  shipped	  to	  Canberra	  in	  a	  liquid	  nitrogen-­‐cooled	  vessel	  and	  kept	  at	  77	  K	  until	  use.	  The	  sample	  buffer	  contained	  50	  mM	  Bis-­‐Tris	  (pH	  7.8),	  0.03%	  n-­‐dodecyl	  β-­‐D-­‐maltoside	  (DDM),	  40	  mM	  MgSO4.	  The	  sample	  concentration	  was	  OD	  14,	  corresponding	  to	  about	  0.16	  mg/mL	  chlorophyll.	  Upon	  arrival,	  the	  1	  mL	  preparation	  was	  thawed	  and	  10	  aliquots	  of	  40	  µL	  each	  were	  placed	  in	  small	  (0.5	  mL)	  Eppendorf	   tubes.	   All	   aliquots	  were	   then	   stored	   at	   77	  K	   in	   liquid	   nitrogen	  until	  use.	  	  For	   spectroscopy,	   one	   40	  µL	   aliquot	   of	   CP43	   preparation	  was	   sonicated	   for	   5	  minutes	   in	  a	  water	  bath	  at	  2–5°C,	   then	  mixed	  with	  an	  equal	  volume	  of	  a	  50:50	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ethylene	  glycol/glycerol	  mixture	  (hereafter	  referred	  to	  as	  the	  glassing	  agent).	  A	  homogenous	   mixture	   was	   achieved	   by	   vortexing	   for	   20	   seconds.	   This	   gave	  absorbance	  of	  about	  0.1–0.2	  at	  the	  Qy	  maximum	  in	  the	  200–300	  µm	  path	  length	  cells.	   (The	   DDM	   detergent	   concentration	   is	   reduced	   to	   0.015%	   by	   addition	   of	  glassing	  agent,	  however	  no	  spectral	  changes	  were	  observed	  when	  glassing	  agent	  containing	   0.03%	   DDM	   was	   used).	   The	   same	   CP43	   sample	   was	   used	   for	   all	  results	   presented	   in	   this	   chapter,	   however	   results	   were	   in	   general	   fully	  reproducible	   between	   different	   samples	   provided	   the	   same	   experimental	  protocols	  were	  followed.	  	  
4.2.2.	  	  	  Low	  Temperature	  Absorption,	  CD	  and	  Fluorescence	  	  The	  full	  absorption	  spectrum	  of	  the	  CP43	  sample	  at	  2	  K	  is	  presented	  below.	  The	  spectrum	  is	  very	  similar	  to	  that	  published	  by	  Groot	  et	  al.57	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contamination	   is	  dismissed,	   then	  Figure	  4.4	   implies	   that	   the	  presence/absence	  of	  carotene	  absorption	  at	  514	  nm	  is	  correlated	  with	  the	  presence/absence	  of	  the	  lowest	  energy	  CP43	  states.	   It	   is	  possible	  that	  the	   loss	  of	  a	  carotene	  molecule	   is	  accompanied	  by	  a	  change	  in	  chlorophyll	  site	  energies	  or	  the	  loss	  of	  a	  chlorophyll.	  	  	  One	  interesting	  possibility	  is	  that	  some	  environmental	  effect	  causes	  a	  blue-­‐shift	  (or	   an	   absence)	   of	   both	   the	  β-­‐carotene	   S0–S2	   transition	   and	   of	   the	   low-­‐energy	  chlorophyll	   Qy	   transitions.	   For	   example,	   CP43	   complexes	   that	   are	   not	   fully	  solvated	   in	   detergent	   (perhaps	   part	   of	   small	   aggregates	   or	   dimers)	  may	   be	   in	  varying	  environments,	  which	  could	  cause	  shifts	  in	  both	  carotene	  and	  chlorophyll	  energies.	   Alternatively	   the	   loss	   of	   a	   carotene	   could	   cause	   an	   increase	   in	  chlorophyll	   site	   energy,	   or	   be	   correlated	   with	   loss	   of	   chlorophyll.	   Like	  chlorophylls,	   carotene	   transition	   energies	   are	   well	   known	   to	   be	   highly	  dependent	  on	  protein	  environment,	  often	  exhibiting	  similar	  shifts	  in	  response	  to	  various	  factors—the	  precise	  shifting	  mechanisms	  are	  complex	  and	  remain	  under	  study.140-­‐142	   Clearly	   more	   work	   is	   possible	   on	   this	   subject,	   particularly	   as	   the	  same	  phenomenon	  is	  observed	  in	  CP47	  (Figure	  5.4).	  However	  the	  objective	  is	  to	  study	  the	  lowest	  excited	  states	  via	  CPL.	  With	  this	  in	  mind,	  514	  nm	  excitation	  was	  used	   for	  all	  CP43	  and	  CP47	  CPL	  experiments	   to	   reduce	   the	  contribution	  of	   the	  679	  nm	  emission..	  
	  
4.2.4.	  	  	  Gaussian	  fit	  of	  absorption,	  CD	  and	  fluorescence	  	  Qualitative	  analysis	  of	  the	  low	  energy	  states	  of	  CP43	  can	  be	  performed	  by	  fitting	  the	   absorption,	   CD,	   fluorescence	   and	   CPL	   to	   Gaussian	   bands.	   This	   process	  provides	  an	  approximation,	  as	  discussed	  in	  section	  1.3.8.	  However	  it	  enables	  the	  ΔA/A	   ratio	  of	   different	  bands	   to	  be	   estimated	   and	   compared	   to	   values	  of	  ΔI/I.	  	  Gaussian	  fitting	  of	  the	  absorption	  and	  CD	  spectra	  is	  presented	  in	  Figure	  4.5.	  The	  narrow	  B	   state	   is	   denoted	  B(–)	   and	   its	   partner	   state,	   B(+)	  was	   constrained	   to	  have	  the	  same	  width	  and	  opposite	  CD.	  Note	  that	  strictly	  speaking	  the	  CD	  bands	  should	   have	   slightly	   smaller	   widths	   than	   the	   absorption	   bands,51	   but	   the	  discrepancy	   is	  minor	   in	   the	   context	   of	   this	   approximation.	   Fit	   parameters	   are	  presented	  in	  Table	  4.1.	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Figure	  4.5:	  	  Gaussian	  fits	  to	  absorption	  and	  CD	  results.	  Fit	  parameters	  are	  given	  in	  Table	  4.1.	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Figure	   4.6:	   Fluorescence	  spectra:	   experimental	  from	   Figure	   4.3,	   and	  calculated	   via	   equation	  1.16,	   using	   the	   Gaussians	  from	  Figure	   4.5	   and	   Table	  4.1.	   For	   the	   calculation	   a	  Stokes	   shift	   of	   5	   cm–1	  (0.2	  nm)	   was	   assumed	   for	  both	  A	  and	  B	  states.	  	  	  	  	  The	  parameters	  in	  Table	  4.1	  are	  very	  similar	  to	  those	  estimated	  previously63,65.	  Figure	   4.6	   is	   very	   similar	   to	   Figure	   9	   of	   Dang	   et	   al.63	   who	   suggested	   that	   the	  residual	   emission	   on	   the	   red	   side	   was	   primarily	   due	   to	   aggregated	   CP43.	   As	  pointed	   out	   by	  Hughes	   et	   al.65	   the	   parameters	   of	   the	   states	   are	   quite	   strongly	  correlated	   leading	   to	   large	   uncertainties.	   Nevertheless,	   using	   the	   assumption	  
ΔA/A	  =	  ΔI/I	   (equation	  1.14)	  we	  can	  multiply	   the	   fluorescence	  contributions	  of	  the	   A	   and	   B	   states	   by	   their	   respective	   anisotropy	   ratios	   (ΔA/A,	   Table	   4.1)	   to	  predict	  their	  CPL	  intensity.	  	  The	  result	  is	  shown	  in	  Figure	  4.7.	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highly	  emissive	  aggregate	  states,63	  while	  the	  vibrational	  sideline	  most	  likely	  also	  contributes	  at	  long	  wavelengths.	  The	  CPL	  of	  aggregates	  is	  an	  unknown	  quantity,	  but	   should	   average	   to	   zero	   if	   the	   aggregated	   complexes	   interact	  with	   random	  geometry.	   Vibrational	   sidelines	   have	   low	   dipole	   intensity	   resulting	   in	   small	  coupling	   interactions	   and	   very	   low	   delocalisation.	   The	   CPL	   of	   both	   aggregates	  and	  vibrational	  sidelines	  is	  assumed	  to	  be	  zero	  in	  the	  prediction.	  
	  
	  
4.3	  	   Circularly	  Polarised	  Luminescence	  of	  CP43	  	  
4.3.1.	  	  	  Low	  Temperature	  CPL	  of	  CP43	  	  The	   simultaneously	   detected	   fluorescence	   and	   CPL	   spectra	   of	   CP43	   at	   2	  K	   are	  presented	  in	  Figure	  4.8,	  together	  with	  the	  predicted	  curves	  from	  Figure	  4.7.	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CD/CPL.	   With	   the	   resolution	   factor	   taken	   into	   account,	   the	   experimental	   CPL	  spectrum	  matches	   almost	   exactly	   the	  predicted	   spectrum	  based	  on	  CD	   results.	  	  The	   fluorescence	   spectrum,	   by	   contrast,	   has	   significant	   additional	   intensity	   on	  the	   red	   side,	   similar	   to	   the	   spectrum	   in	   Figure	   4.6,	  with	   small	   changes	   due	   to	  resolution	  and	  high	  illumination.	  These	  results	  suggest	  that	  the	  fluorescence	  at	  >685	  nm	  arises	  partly	  from	  low	  energy	  A	  states	  (with	  negative	  CPL)	  and	  partly	  from	  red-­‐shifted	  states	  with	  no	  CPL.	  This	  is	  in	  agreement	  with	  the	  conclusions	  of	  Jankowiak	   et	   al.	   regarding	   CP43	   aggregate	   emission,63,66	   and	   suggests	   the	  aggregate	  emission	  has	  no	  significant	  CPL.	  	  	  
4.3.2.	  	  	  Temperature	  dependence	  of	  CPL	  	  The	  temperature	  dependence	  of	  CP43	  fluorescence	  is	  well	  known	  and	  similar	  to	  that	  of	  other	  antenna	  complexes:	  upon	  warming	   from	  helium	  temperature,	   the	  fluorescence	   broadens	   toward	   the	   blue	   side	   as	   higher	   energy	   states	   are	  populated.	  The	  fluorescence	  and	  CPL	  of	  CP43	  at	  four	  temperatures	  from	  2	  K	  to	  120	  K	  are	  presented	  in	  Figure	  4.9.	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The	   total	   fluorescence	   yield	   decreases	   by	   ~40%	   between	   2	   K	   and	   120	   K	   as	  observed	  previously,	  due	  to	  increasing	  rates	  of	  non-­‐radiative	  decay.57	  	  As	  higher-­‐energy	   states	   are	   populated	   due	   to	   the	   thermal	   energy,	   they	   emit	   with	   their	  characteristic	  energy	  and	  circular	  polarisation.	  Consequently	  the	  negative	  CPL	  of	  the	  B(-­‐)	   state,	  which	  dominates	   the	  680–683	  nm	   region	   at	   2	  K	   (Figure	  4.7),	   is	  rapidly	   cancelled	   by	   positive	   CPL	   from	   the	   overlapping	   B(+)	   state	   when	   this	  state	   is	   thermally	   populated	   upon	   increasing	   temperature.	   By	   contrast,	   the	  polarisation	  of	   the	   lower	  energy	  emission	  (>685	  nm)	   is	  virtually	  unaffected	  by	  temperature	  because	  the	  A	  state	  has	  no	  overlapping	  exciton	  partner.	  The	  CPL	  in	  this	  region	  simply	  decreases	  along	  with	  the	  fluorescence.	  As	  mentioned	  above,	  it	  is	  likely	  that	  the	  emission	  beyond	  685	  nm	  arises	  from	  two	  distinct	  species,	  the	  A	  state	   and	   aggregate	   emission.	   These	   may	   not	   have	   the	   same	   temperature	  dependence,	   and	   indeed	   at	   120	  K	   the	   fluorescence/CPL	   ratio	   becomes	   slightly	  more	   negative	   at	   685–690	   nm	   (Appendix	   C,	   Figure	   C3)	   suggesting	   that	   the	  unpolarised	   aggregate	   emission	  may	   decrease	  more	   rapidly	  with	   temperature	  than	  the	  polarised	  A	  state	  emission.	  	  	  
4.3.3.	  	  	  Comparison	  of	  absorption	  and	  emission	  anisotropies	  
	  The	  low	  temperature	  CD	  spectrum	  measures	  the	  total	  CD	  of	  all	  transitions	  in	  the	  sample	   that	   absorb	   at	   each	  wavelength.	   The	   CPL	   spectrum	   reveals	   the	   CPL	   of	  only	   those	   excited	   states	   that	   are	   emissive	   at	   each	  wavelength.	   In	   the	   case	   of	  CP43,	   the	   CPL	   is	   strongly	   temperature	   dependent	   because	   B(+)	   states	   with	  positive	  circular	  polarisation	  are	  unpopulated	  at	  2	  K	  but	  become	  populated,	  and	  hence	  emissive,	  as	  T	  is	  increased.	  	  As	   discussed	   in	   section	   1.3,	   the	   ratio	   of	   the	   CD	   to	   absorbance	   (the	   absorption	  anisotropy)	   is	   expected	   to	   match	   the	   ratio	   of	   CPL	   to	   fluorescence	   (emission	  anisotropy)	  for	  each	  transition.	  To	  the	  extent	  that	  emitting	  states	  are	  thermally	  populated,	   the	  emission	  anisotropy	  as	   a	   function	  of	  wavelength	   is	   expected,	   at	  first	  approximation,	  to	  match	  the	  low	  temperature	  absorption	  anisotropy.	  These	  comparisons	  are	  made	  in	  Figure	  4.10.	  The	  anisotropies	  in	  the	  lower	  part	  of	  the	  figure	  are	  noisy	  in	  regions	  of	  low	  absorption/emission.	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that	  ΔI/I	  crosses	  zero	  about	  1	  nm	  to	  the	  blue	  of	  ΔA/A	  is	  due	  to	  the	  lower	  energy	  states	  having	  higher	  populations—the	  Boltzmann	  factor	  for	  two	  states	  separated	  by	  40	  cm–1	  at	  120	  K	  is	  0.62.	  	  	  Two	   other	   factors	   that	   could	   affect	   the	   CPL	   magnitude	   are	   i)	   changes	   (e.g.	  localisation)	  in	  exciton	  states	  between	  the	  absorption	  and	  emission	  events,	  and	  
ii)	   the	  expected	  depolarisation	  of	  the	  emission	  due	  to	   light	  scattering	  (which	  is	  corrected	   for,	   but	   may	   be	   under-­‐corrected	   as	   detailed	   in	   section	   3.3.3).	   The	  result,	   that	   anisotropy	   ratios	   of	   absorption	   and	   emission	   appear	   to	   be	   very	  similar,	  is	  evidence	  that	  both	  these	  effects	  are	  small.	  The	  possibility	  remains	  that	  they	  cancel	  one	  another,	  although	  a	  similar	  result	   for	  CP47	  (Chapter	  5)	  argues	  against	  this.	  	  	  The	   results	   of	   this	   section	   demonstrate	   that	   the	   CPL	   technique	   can	   provide	  useful	  and	  unique	  information	  on	  the	  emitting	  states	  of	  light-­‐harvesting	  proteins	  and	   photo-­‐enzymes.	   In	   CP43,	   these	   low	   energy	   states	   behave	   very	   much	   as	  expected	  based	  on	  the	  CD	  and	  other	  lines	  of	  inquiry.	  	  	  
	  
	  
4.4	  	  Exciton	  Calculations	  	  Previous	   excitonic	   calculations	   have	   had	   success	   in	   qualitatively	   fitting	   the	  optical	   spectra	   of	   CP43	   to	   site	   energy	   distribution	   functions	   (SDFs)	   for	   each	  chlorophyll.	  Here,	  the	  results	  of	  these	  studies	  are	  applied	  to	  the	  CPL	  spectra,	  via	  the	  calculation	  of	  basic	  stick	  spectra	  as	  described	  in	  sections	  1.3	  and	  2.1.	  The	  site	  energies	  and	  exciton	  couplings	  of	  the	  most	  recent	  study	  by	  Shibata	  et	  al.46	  were	  used	   as	   the	   starting	  point.	   This	   in	   turn	  was	   an	   extension	  of	   a	   similar	  work	  by	  Muh	   et	   al.45	   In	   the	   Shibata	   study,	   Chl	   634	   and	   636	   were	   given	   narrow,	   low	  energy	   SDFs	   to	   reproduce	   the	   narrow	   bandwidth	   absorption	   and	   CD	   features,	  corresponding	  to	  the	  “B”	  state.	  The	  SDFs	  were	  centred	  at	  676.5	  nm	  (14782	  cm–1)	  and	   679.5	   nm	   (14716	   cm–1)	  respectively,	   with	   FWHM	  widths	   of	   90	  cm–1.	   This	  reproduced	  the	  distinct	  +/–	  CD	  couplet	  of	  the	  “B”	  state	  relatively	  well.	  However	  the	   calculations	   did	   not	   reproduce	   the	   broader,	   degenerate	   “A”	   state.	   There	   is	  strong	  experimental	  evidence	  that	  the	  inhomogeneous	  distribution	  of	  the	  A	  state	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extends	   to	   the	   red	   of	   the	  B	   state	   and	   has	   significant	   negative	   CD.63,65	   The	   CPL	  spectrum	  and	  its	  temperature	  dependent	  behaviour	  further	  confirm	  this	  finding.	  	  Stick	  spectra	  were	  calculated	  using	  the	  methods	  outlined	  in	  Chapter	  2,	  using	  the	  exciton	  couplings	  calculated	  by	  Shibata	  et	  al.	  Appendix	  A	  has	  detail	  of	  the	  single-­‐site	  calculation	  using	  the	  site	  energies	  given	  in	  that	  study.	  When	  inhomogeneous	  distributions	  of	  the	  lowest	  chlorophylls	  were	  taken	  into	  account	  as	  described	  in	  section	   2.1,	   the	   lack	   of	   absorption	   and	   CD	   on	   the	   red	   side	   was	   evident.	   This	  discrepancy	   was	   somewhat	   improved	   by	   adjusting	   the	   SDF	   of	   Chl	   631,	   via	  changing	  its	  position/width	  from	  14771/150	  to	  14740/180	  cm–1.	  The	  results	  of	  this	  calculation	  and	  the	  SDF	  parameters	  are	  given	  in	  Figure	  4.11.	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  
	  
Figure	   4.11:	   Left:	   CP43	   spectra	   calculated	  using	   the	   site	   energies	   of	   Shibata	   et	   al.46	  Above:	   Site	   energies	   and	   inhomogeneous	  widths	   of	   each	   chlorophyll	   used	   in	   the	  calculation.	   Inhomogeneous	   width	   was	   only	  incorporated	   for	   the	   three	   lowest	   energy	  chlorophylls	  as	  described	  in	  section	  2.1.	  	  	  
Chl	   Energy	  (cm–1)	  
Width	  
(cm–1)	  
628	   14948	   -­‐	  
629	   15004	   -­‐	  
630	   14948	   -­‐	  
631	   14740	   180	  
632	   14948	   -­‐	  
633	   14948	   -­‐	  
634	   14782	   150	  
635	   14892	   -­‐	  
636	   14717	   90	  
637	   15197	   -­‐	  
638	   15014	   -­‐	  
639	   14914	   -­‐	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The	   calculated	   CD	   spectrum	   is	   slightly	   stronger	   than	   the	   experimentally	  observed	  spectrum.	  The	  experimental	  CD	  and	  CPL	  have	  similar	  strength,	  and	  the	  calculation	  assumes	  that	  the	  absorbing	  and	  emitting	  states	  are	  the	  same,	  so	  the	  calculated	  CPL	  is	  also	  bound	  to	  be	  too	  strong.	  Fine	  adjustments	  could	  be	  made	  to	  the	   SDF	   parameters	   to	   improve	   the	   outcome,	   but	   improving	   the	   fit	   by	   this	  method	   is	   not	   meaningful	   because	   the	   calculation	   does	   not	   incorporate	  lineshapes.	   The	   calculation	   confirms	   that	   Chl	   631	   is	   a	   good	   candidate	   for	   the	  main	  location	  of	  the	  A	  state.	  However,	  this	  is	  only	  one	  of	  multiple	  assignments	  of	  the	   low	   energy	   states	   that	   are	   consistent	   with	   the	   CD	   and	   CPL.	   A	   feasible	  alternative	  was	  found	  using	  Chl	  634	  for	  the	  A	  state	  instead	  of	  Chl	  631,	  with	  Chl	  636	   still	   assigned	   as	   the	   B	   state.	   Calculated	   absorption,	   CD,	   emission	   and	   CPL	  spectra	  for	  this	  alternative	  set	  of	  SDFs	  are	  shown	  in	  Figure	  4.12.	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  
	  
	  
Figure	   4.12	   Left:	   CP43	   spectra	   calculated	  using	   an	   alternative	   set	   of	   site	   energies,	  slightly	  different	  to	  that	  of	  Shibata	  et	  al.,46	  see	  text.	  Above:	  Site	  energies	  and	  inhomogeneous	  widths	   of	   each	   chlorophyll	   used	   in	   the	  calculation.	  	  	  	  	  
Chl	   Energy	  (cm–1)	  
Width	  
(cm–1)	  
628	   14948	   -­‐	  
629	   15004	   -­‐	  
630	   14948	   -­‐	  
631	   14771	   150	  
632	   14948	   -­‐	  
633	   14948	   -­‐	  
634	   14750	   200	  
635	   14892	   -­‐	  
636	   14730	   70	  
637	   15015	   -­‐	  
638	   15197	   -­‐	  
639	   14914	   -­‐	  































































































In	  this	  calculation,	  the	  negative	  CD	  and	  CPL	  magnitude	  depends	  strongly	  on	  the	  size	   of	   the	   contribution	   from	   Chl	   638	   which	   is	   part	   of	   a	   strongly	   interacting	  group	  of	  Chls	  which	   includes	  Chl	  636	  and	  Chl	  634.	  The	  energy	  of	  Chl	  638	  was	  moved	  slightly	  higher	  resulting	  in	  a	  smaller	  contribution	  to	  the	  lowest	  states	  and	  accompanying	  reduction	  in	  the	  negative	  CD/CPL.	  	  	  In	   both	   calculations	   above,	   the	   states	   around	   683	   nm	   are	   highly	   delocalised	  across	   Chl	   634,	   Chl	   636	   and	  Chl638;	   this	   narrow	  band	   corresponds	   to	   the	   “B”	  state.	   Beyond	   ~685	   nm,	   the	   spectra	   are	   dominated	   by	   the	   A	   state,	   which	   is	  known	  to	  have	  a	  broad	  distribution63,65	  and	  has	  significant	  negative	  exciton	  CD,	  which	  is	  further	  confirmed	  by	  the	  CPL	  spectra.	  Either	  Chl	  631	  or	  634	  (and	  likely	  others)	   can	   be	   assigned	   to	   this	   state	   based	   on	   the	   low-­‐energy	   CD	   and	   CPL,	  though	  Chl	  631	  must	  be	  considered	  most	  likely	  since	  its	  SDF	  required	  very	  little	  change	   from	   that	   which	   was	   reasonably	   successful	   in	   more	   comprehensive	  calculations.46	  	  	  Interestingly,	   Chl	   631	   is	   strongly	   coupled	   only	   to	   one	   other	   pigment,	   Chl	   629,	  and	  the	  contribution	  of	  this	  pair	  to	  the	  CD	  of	  the	  A	  state	  was	  weakly	  positive.	  The	  largest	  contribution	  to	  the	  CD	  of	  the	  A	  state	  on	  Chl	  631	  was	  from	  Chl	  636,	  which	  is	   weakly-­‐coupled	   to	   Chl	   631	   but	   is	   much	   closer	   in	   energy	   (the	   pairwise	   CD	  contributions	   are	   found	   using	   equation	   1.12	   as	   described	   in	   Appendix	   A).	  Previous	   calculations45,46	   did	   not	   account	   for	   delocalisation	   between	   these	  chlorophylls	  because	   they	  are	   in	  different	  domains	  due	   to	  weak	  coupling.	  This	  may	   explain	   the	   lack	   of	   negative	   A	   state	   CD	   in	   those	   calculations.	   The	   strong	  negative	  CD	  of	  the	  narrow	  B	  state	  has	  a	  large	  contribution	  from	  the	  Chl	  634–638	  pair,	  but	  several	  other	  pairs	  make	  significant	  CD	  contributions.	  	  	  
4.5	   Photophysical	  effects	  of	  illumination	  on	  CP43	  spectra	  
	  Before	  moving	  on	  to	  other	  complexes,	  it	  is	  important	  to	  consider	  the	  effect	  which	  strong	   illumination	  may	  have	  on	  spectra	  at	   low	  temperatures.	  At	   liquid	  helium	  temperatures,	   the	   site	   energies	   of	   chlorophyll-­‐binding	   proteins	   shift	   with	  illumination	   due	   to	   the	   photophysical	   process	   termed	   non-­‐resonant	   hole-­‐
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burning.	   In	   CP43,	   these	   illumination-­‐induced	   changes	  were	   the	   subject	   of	   two	  studies	  already	  mentioned.63,65	  To	  measure	  the	  CPL	  spectra,	  total	  illumination	  of	  180	  J/cm2	  was	  necessary,	  so	  an	  understanding	  of	  how	  these	  changes	  may	  alter	  the	   emission	   spectra	   is	   clearly	   desirable.	   The	   effect	   of	   illumination	   on	   the	  absorption	   in	   the	   red	   region	  varies	  depending	  on	   the	   sample,63,65	  while	  effects	  on	   the	   fluorescence	   spectrum	  due	   to	   these	   processes	   have	   not	   been	   reported.	  	  Absorption	  and	  fluorescence	  changes	  caused	  by	  illumination	  of	  the	  CP43	  sample	  are	  presented	  in	  Figure	  4.13.	  	  
	  
Figure	  4.13:	  Spectral	  changes	  in	  CP43	  upon	  illumination	  with	  488	  nm	  laser	  light	  (total	  fluences	  indicated),	  and	  after	  annealing	  to	  45	  K	  for	  5	  minutes.	   	   	  Left:	  Absorption	  (red	  trace),	  absorption	  differences	  induced	  by	  1.8	  J/cm2	  total	  illumination	  (blue)	  and	  by	  an	  additional	  193	  J/cm2	  (pink).	  	  Cyan	  traces	  show	  the	  change	  induced	  by	  annealing	  at	  45	  K	  after	  illumination,	  with	  and	  without	  subtraction	  of	  a	  linear	  baseline	  (solid	  and	  dotted	  line).	  The	  arrow	  indicates	  a	  positive	  feature	  due	  to	   the	   B	   state	   photoproduct.	   	   	   Right:	   Emission	   spectra	   measured	   after	   total	   illumination	   of	  1.8	  J/cm2	   (red	   trace)	   and	   150	   J/cm2	   (blue),	   their	   difference	   (pink)	   and	   the	   reverse	   change	  induced	  by	  annealing	  (cyan).	  Absorption	  difference	  from	  left	  panel	  (dotted	  pink)	  for	  comparison.	  Total	  fluence	  during	  collection	  of	  fluorescence	  was	  <0.003	  J/cm2	  per	  spectrum	  (see	  section	  4.7).	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The	  broader	  ‘A’	  state	  shifts	  to	  the	  blue	  but	  with	  lower	  efficiency.	  Both	  shifts	  were	  reversed	  by	  annealing,	  but	  the	  B	  state	  appears	  to	  reverse	  faster	  (see	  section	  4.7).	  	  	  Since	   a	   substantial	   fraction	   (~10%)	  of	   low	   energy	   absorption	   is	   shifted	   to	   the	  blue	  with	  the	  photoproduct	  largely	  situated	  at	  wavelengths	  <675	  nm,	  it	  might	  be	  expected	  that	  the	  fluorescence	  spectrum	  would	  also	  shift	  significantly.	  	  However	  Figure	  4.13	  shows	  that	  emission	  increases	  on	  the	  blue	  side	  (<680	  nm)	  total	  <1%	  of	   the	   main	   emission	   band.	   Since	   the	   A	   and	   B	   states	   are	   quasi-­‐degenerate	   at	  ~683	   nm,	   a	   substantial	   blue-­‐shift	   of	   emission	   will	   only	   occur	   in	   complexes	  where	  both	   the	  states	  are	  moved	  to	  shorter	  wavelengths.	  After	  150	  J/cm2	  as	  in	  Figure	  4.13,	   and	  assuming	   states	  are	   shifted	   independently,	   this	   is	   expected	   in	  <1%	  of	   complexes.	   (The	   situation	   is	   very	  different	   in	   CP47	  where	   one	   state	   is	  clearly	  the	  lowest,	  see	  Figure	  5.5).	  This	  observation	  is	  probably	  consistent	  with	  either	   of	   the	   two	   proposed	   mechanisms	   of	   hole-­‐burning	   in	   CP43,63,65	   and	   no	  conclusion	  can	  be	  drawn	  on	  that	  matter	  here.	  	  The	   main	   purpose	   of	   this	   section	   was	   to	   establish	   the	   potential	   of	   the	   non-­‐resonant	   hole-­‐burning	   processes	   to	   affect	   which	   states	   are	   present	   in	   the	  fluorescence	  spectrum.	  From	  comparison	  of	  the	  total	  hole	  depth	  with	  the	  fitted	  absorbance	   magnitudes	   in	   Table	   4.1	   we	   can	   estimate	   that	   at	   maximum	   hole	  depths,	  the	  absorbance	  loss	  after	  the	  195	  J/cm2	  illumination	  is	  about	  10%	  in	  the	  narrow	   B	   state	   (683.1	   nm)	   and	   12%	   in	   the	   A	   state	   (687.1	   nm,	   which	   also	  corresponds	  to	  aggregate	  absorption).	  	  	  Although	  these	  changes	  cause	  no	  significant	  blue	  shift	  of	  the	  fluorescence,	  they	  may	  still	  affect	  the	  CPL	  spectrum	  because	  the	  composition	  of	  A	  and	  B	  states	  may	  be	   changing.	   However	   no	   change	   in	   ΔA/A	   of	   the	   red	   states	   occurs	   upon	  illumination,	  because	   the	  CD	  decreases	  along	  with	   the	  absorption.65	  Given	   that	  ~90%	   of	   absorbance	   is	   unchanged	   in	   any	   case,	   it	   is	   unlikely	   that	   the	  photophysical	   changes	   significantly	   decrease	   the	   usefulness	   of	   the	   2	   K	   CPL	  spectrum.	  At	  higher	   temperatures	   the	  photophysical	  processes	   reverse	   rapidly	  and	  their	  importance	  in	  the	  spectra	  is	  greatly	  decreased.	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4.6	   	  Summary	  	  CP43	   samples	   of	   excellent	   optical	   quality	  were	   produced,	  whose	   spectra	  were	  comparable	   to	   the	   samples	   studied	   in	   the	   recent	   literature.	   The	   CD	   is	   almost	  conservative	  (within	  4%,	  Figure	  4.3),	  as	  expected	  for	  an	  excitonic	  CD	  spectrum	  that	   is	   free	   of	   optical	   artifacts,	   and	   in	   agreement	   with	   previous	  measurements.65,143	   Absorption,	   CD	   and	   fluorescence	   spectra	   can	   be	   fitted	   to	  Gaussian	   bands	   (section	   4.2.4),	   the	   analysis	   matching	   well	   with	   those	   in	   the	  previous	  literature.63	  These	  bands	  were	  used	  to	  predict	  the	  CPL	  spectrum	  under	  the	   approximation	   that	   the	   CD	   and	   absorption	   have	   the	   same	   Gaussian	  lineshape.	  The	  observed	  CPL	  (section	  4.3)	  matches	  closely	  the	  CPL	  predicted	  in	  this	  way,	   if	   one	   assumes	   that	   the	   B(+)	   state	   is	   higher	   in	   energy	   than	   the	   B(–)	  state	  in	  all	  complexes	  and	  therefore	  is	  not	  emissive	  at	  2	  K.	  This	  suggests	  that	  the	  emitting	   states	   have	   similar	   excitonic	   character	   to	   the	   corresponding	   excited	  states	   generated	   by	   the	   absorption	   process.	   	   The	   total	   fluorescence	   has	  additional	   intensity	   at	  wavelengths	   >685	   nm.	   This	   is	   attributable	   to	   aggregate	  emission	   as	   observed	   previously63,66	   and	   to	   long-­‐wavelength	   vibrational	  sidelines;	   this	   emission	   was	   found	   to	   have	   no	   easily	   measureable	   circular	  polarisation.	  	  Upon	   warming	   from	   2	   K	   to	   120	   K,	   the	   fluorescence	   peak	   does	   not	   move	  significantly	   but	   emission	   at	   shorter	   wavelengths	   increases	   as	   higher	   exciton	  states	  become	   thermally	  populated.	  The	  CPL	  of	   these	  states	  matches	   the	  CD	  at	  the	  same	  energies,	  suggesting	  that	  their	  emission	  has	  a	  very	  small	  Stokes	  shift,	  in	  agreement	  with	  previous	  literature.	  	  	  	  The	  simple	  excitonic	  calculations	  performed	  here	  (section	  4.4)	  yielded	  little	  new	  information	  regarding	  the	  precise	  identity	  of	  the	  “A”	  and	  “B”	  states.	  The	  previous	  calculations	  of	  Shibata	  et	  al.	  account	  qualitatively	   for	  the	  observed	  CD	  and	  CPL	  spectra;	   the	  A	   state	   can	  be	  better	   accounted	   for	   by	  broadening	   the	   SDF	  of	   Chl	  631	  and	  allowing	   absorption	   into	   a	   state	  delocalised	   across	   all	   chlorophylls.	   It	  was	  demonstrated	  that	  this	  set	  of	  SDFs	  is	  not	  a	  unique	  fit	  to	  these	  spectra,	  with	  Chl	  634	  a	  possible	  alternative	  for	  the	  A	  state.	  Demonstrating	  that	  any	  successful	  fit	   is	   unique	   is	   clearly	   very	   difficult—site-­‐selected	   mutagenesis	   to	   eliminate	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specific	   chlorophylls,	   in	   combination	   with	   spectroscopy,	   may	   provide	   a	   more	  unambiguous	  assignment	  of	  the	  emitting	  states	  of	  CP43.	  Obvious	  targets	  in	  this	  regard	  are	  Chl	  631	  and	  Chl	  636,	  however	  caution	  is	  needed	  in	  interpreting	  such	  experiments,	  because	  removing	  or	  modifying	  one	  chlorophyll	  may	  disrupt	  other	  pigment-­‐pigment	  or	  pigment-­‐protein	  interactions.	  	  The	  changes	  in	  absorption	  upon	  illumination	  at	  2	  K	  (section	  4.5)	  are	  consistent	  with	  previous	  results.	  It	  was	  found	  that	  these	  changes	  have	  no	  significant	  effect	  on	   the	   emission	   or	   CPL	   spectra.	   No	   conclusion	   was	   drawn	   regarding	   the	   two	  contrasting	   models	   that	   have	   been	   proposed	   for	   the	   mechanism	   of	   the	   low	  temperature	  absorption	  changes.63,65	  	  It	   was	   found	   that	   514	   nm	   illumination	   selects	   against	   excitation	   of	   CP43	  complexes	  with	   ‘destabilised’	   low	   energy	   states	   (section	   4.2.3),	   which	  may	   be	  relevant	  to	  the	  question	  of	  what	  causes	  the	  destabilisation	  of	  	  low-­‐energy	  states	  in	   CP43	   and	   CP47.	   Indeed,	   similar	   results	   were	   observed	   for	   CP47	   and	   are	  presented	   in	   Chapter	   5.	   Further	   investigation	   of	   the	   relationship	   between	  sample	  preparation	  and	  excitation	  wavelength-­‐	  dependence	  of	  fluorescence	  may	  be	  fruitful,	  but	  for	  now	  has	  been	  left	  for	  future	  work.	  	  	  	  	  
4.7	   Experimental	  	  	  This	  section	  gives	  experimental	  details	  specific	  to	  the	  experiments	  discussed	  in	  this	  chapter.	  	  General	  experimental	  procedures	  are	  given	  in	  Chapter	  2;	  the	  steps	  taken	  to	  ensure	  CPL	  spectra	  are	  virtually	  artifact-­‐free	  are	  described	  in	  Chapter	  3	  (section	  3.5).	  	  
Sample	  preparation	  As	  mentioned,	  the	  sample	  was	  sonicated	  prior	  to	  freezing	  for	  spectroscopy.	  The	  effects	  of	  sonication	  on	  the	  absorption	  spectra	  were	  similar	  to	  but	  smaller	  than	  those	  observed	  by	  Dang	  et	  al.63	  The	  concentration	  of	  the	  sample	  in	  this	  work	  is	  an	  order	  of	  magnitude	  higher	  (“OD	  ~7”	  or	  ~0.1	  mg/mL	  chlorophyll	  rather	  than	  “OD	  ~0.6”	  or	  ~0.01	  mg/mL).	  At	  these	  higher	  concentrations,	  sonication	  may	  be	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less	  effective	  at	  eliminating	  aggregates	  (use	  of	  lower	  concentrations/higher	  path	  lengths	  is	  prohibitive	  for	  CPL	  measurements	  for	  reasons	  discussed	  in	  Chapter	  3).	  The	   spectral	   effects	   of	   aggregation	   are	   relatively	   minor	   as	   discussed	   in	   this	  chapter.	  	  
Temperature-­‐dependent	  fluorescence	  and	  CPL	  Fluorescence	   was	   excited	   at	   514	   nm,	   with	   laser	   power	   100	   mW/cm2	   at	   the	  sample	   (laser-­‐induced	   heating	   did	   not	   affect	   the	   spectra;	   a	   brief	   discussion	   is	  given	   in	   section	   6.6).	   Fluorescence	   and	   CPL	   spectra	   are	   the	   average	   of	   six	  5-­‐minute	  scans,	  three	  each	  in	  a	  +5	  T	  and	  −5	  T	  magnetic	  field	  (see	  section	  2.2.3),	  meaning	  total	  fluence	  of	  about	  180	  J/cm2	  per	  spectrum.	  No	  annealing	  was	  done	  between	   scans.	   One	   spectrum	   was	   taken	   at	   zero	   magnetic	   field,	   the	   CPL	  spectrum	  obtained	  this	  way	  matched	  precisely	  that	  obtained	  from	  the	  sum	  of	  the	  ±5T	   spectra.	   Fluorescence/CPL	   intensities	   at	   different	   temperatures	   are	  accurate	   relative	   to	   each	   other,	   but	   were	   not	   adjusted	   for	   the	   temperature-­‐dependent	  change	  in	  absorption	  at	  the	  excitation	  wavelength.	  When	  measured,	  this	  dependence	  was	  near-­‐negligible	  (<5%	  between	  2−80	  K).	  	  
Treatment	  of	  fluorescence/CPL	  spectra	  The	   fluorescence	   and	  CPL	   spectra	  were	   corrected	   for	   reabsorption	   by	   the	   CD-­‐active	  sample	  as	  described	  in	  Chapter	  3	  (section	  3.3.4).	  The	  absorbance	  and	  CD	  were	  measured	  at	  1.7	  K	  and	  at	  80	  K.	  The	  1.7	  K	  absorption	  spectra	  were	  used	  to	  correct	  the	  2	  K	  and	  45	  K	  emission	  spectra,	  and	  the	  80	  K	  absorbance	  spectra	  were	  used	   to	   correct	   the	   80	   K	   and	   120	   K	   emission	   spectra.	   The	   corrections	   were	  virtually	   negligible,	   as	   shown	   in	   the	   middle	   part	   of	   Figure	   3.10.	   The	  depolarisation	   correction	   factor	   was	   0.61;	   this	   was	   obtained	   and	   applied	   as	  described	  in	  section	  3.3.3.	  	  
Photophysical	  changes	  with	  illumination	  and	  annealing	  Illumination	  in	  these	  experiments	  (section	  4.5)	  was	  from	  the	  488	  nm	  line	  of	  an	  Ar+	   laser.	  At	   the	  sample,	   the	  power	  and	  area	  were	  approximately	  150	  mW	  and	  1	  cm2.	  The	  488	  nm	  line	  was	  chosen	  for	  illumination	  because	  greater	  power	  and	  spatial	  beam	  uniformity	  were	  achievable	  than	  with	  the	  514	  nm	  line,	  although	  as	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mentioned	  section	  2.2.4,	  the	  assumption	  made	  in	  this	  section—that	  the	  beam	  is	  uniform	  and	  all	  centres	  receive	  the	  same	  fluence—is	  an	  approximation	  only.	  	  Transmission	   was	   measured	   with	   0.8	   nm	   slit	   width	   (resolution	   of	   9	   Å)	   four	  times:	   	   1)	  before	  any	   illumination;	  2)	   repeat	   scan	   to	  measure	  affects	  of	   actinic	  light;	  3),	  after	  an	  illumination	  of	  12	  seconds	  (1.8	  J/cm2	  total	  fluence),	  and	  4)	  after	  a	   further	   illumination	   of	   21.5	   minutes	   (195	   J/cm2	   total	   fluence).	   Absorbance	  changes	   were	   calculated	   from	   the	   transmission	   changes.	   Transmission	  measurements	   took	   5	   minutes.	   The	   effect	   of	   actinic	   light	   prior	   to	   laser	  illumination	   was	   detectable	   but	   small	   (~5%	   of	   the	   1.8	   J/cm2	   illumination	  difference).	  No	  changes	  due	  to	  actinic	   light	  were	  detectable	  after	  the	   first	   laser	  illumination.	   Fluorescence	   spectra	   were	   excited	   using	   the	   same	   488	   nm	   laser	  beam.	  During	  collection,	  neutral	  density	  filters	  with	  a	  total	  absorbance	  of	  3.2	  at	  488	  nm	  were	  placed	  at	  a	  fixed	  position	  in	  the	  laser	  beam.	  	  The	  resulting	  power	  at	  the	  sample	  was	  about	  0.1	  mW/cm2	  and	  the	  emission	  spectra	  were	  collected	   in	  4.0	  minutes,	  so	  the	  total	  incident	  exciting	  light	  on	  the	  sample	  is	  0.0024	  J/cm2	  per	  spectrum	   For	   the	   duration	   of	   the	   experiments,	   the	   absorption	   and	   emission	  changes	  were	  stable	  in	  the	  dark	  at	  2–5	  K	  within	  the	  detection	  limits.	  	  	  Hughes	  et	  al.65	  reported	  that	  annealing	  to	  ~70	  K	  for	  10	  minutes	  reversed	  >95%	  of	  the	  absorbance	  changes.	  In	  this	  dilute	  sample,	  the	  baseline	  changes	  caused	  by	  such	  annealing	  overwhelmed	   the	  absorbance	   changes	   rendering	   the	  difference	  spectrum	  meaningless.	  Upon	  annealing	  at	  45	  K	  for	  5	  minutes,	  baseline	  changes	  were	  significant	  but	  manageable,	  and	  it	  appears	  that	  the	  absorption	  shifts	  have	  reversed	  for	  ~70%	  of	  the	  narrow	  B	  state	  but	  only	  ~20%	  of	  the	  A	  state,	  although	  the	  baseline	  change	  makes	  it	  difficult	  to	  draw	  firm	  conclusions.	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Chapter	  5:	  	   The	  CP47	  Proximal	  Antenna:	  	  
	   	   	   New	  insights	  from	  CD	  and	  CPL	  	  	  
5.1	   Introduction	  	  The	  isolation	  and	  purification	  of	  CP47	  from	  spinach	  was	  achieved	  in	  1987	  by	  van	  Dorssen	   et	   al.144	   Subsequent	   crystal	   structures	   of	   PSII	   from	   cyanobacteria	  showed	  that	  CP47	  from	  these	  organisms	  binds	  16	  chlorophylls,	  three	  more	  than	  CP43.	  Under	  the	  pseudo-­‐C-­‐2	  symmetry	  of	  the	  PSII	  monomer,	  each	  of	  the	  13	  CP43	  chlorophylls	  has	  a	  symmetry	  partner	  in	  CP47.	  The	  three	  additional	  chlorophylls	  (Chls)	   in	   CP47	   are	   all	   on	   the	   lumenal	   side	   of	   the	   protein.	   The	   physiological	  reason	  for	  the	  additional	  chlorophylls	  is	  unknown;	  it	  was	  suggested	  that	  one	  of	  them,	  Chl	  612,	  might	  act	  as	   the	  receiver	  of	  excitation	  energy	   from	  the	  extrinsic	  light-­‐harvesting	   system	   in	   higher	   plants12	   but	   they	   are	   also	   present	   in	  cyanobacteria.	   The	   precise	   position	   of	   some	   subunits	   around	   the	   PSII	   core	  remains	   uncertain,	   particularly	   in	   higher	   plants	   where	   no	   X-­‐ray	   structure	   is	  available	   at	   present.	   Nevertheless,	   PSII	   cores	   from	   plants	   and	   cyanobacteria	  show	   a	   high	   degree	   of	   similarity	   in	   both	   spectroscopic	   results	   and	   amino	   acid	  sequences,	   and	   it	   is	   commonly	   assumed	   that	   the	   two	   organisms	   bind	  chlorophylls	  in	  near-­‐identical	  locations	  in	  CP47	  and	  the	  PSII	  core.	  	  	  In	   this	   chapter,	  a	  novel	   identification	  of	   the	   lowest	  energy	  chlorophyll	   in	  CP47	  from	   spinach	   is	   proposed,	   based	   on	   CD	   and	   CPL	   evidence	   and	   previous	  literature.	  The	  following	  chapter	  provides	  evidence	  that	  this	  state	  has	  a	  similar	  identity	   in	   intact	   PSII	   cores	   from	   spinach	   and	  T.	   vulcanus.	   The	   chlorophylls	   of	  CP47	  as	  found	  in	  the	  recent	  PSII	  crystal	  structure16	  are	  shown	  in	  Figure	  5.1.	  In	  this	  chapter	  it	  is	  argued	  that	  the	  two	  most	  likely	  candidates	  for	  the	  red	  state	  are	  Chls	  627	  and	  612	  in	  the	  numbering	  of	  Umena	  et	  al.16	  (Appendix	  D).	  These	  Chls	  are	  shown	  in	  red.	  The	  second-­‐lowest	  state	  has	  been	  assigned	  to	  Chl	  622,	  which	  is	  also	  indicated.	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Figure	  5.1:	  Chlorophylls	  of	  CP47	  from	  the	  crystal	  structure.	  Left:	  view	  from	  in	  the	  plane	  of	  the	  thylakoid	  membrane,	  with	  the	  stroma	  above	  and	  lumen	  below.	  	  Right:	  	  As	  viewed	  from	  above	  the	  membrane.	  	  The	  three	  chlorophylls	  most	  important	  in	  the	  context	  of	  this	  chapter	  are	  labelled.	  In	  both	  images	  the	  reaction	  centre	  (not	  shown)	  is	  located	  to	  the	  right.	  	  	  	  
5.1.1.	  	  	  1987–2008:	  Early	  spectroscopy	  and	  structure	  	  PSII	   core	   complexes	   have	   a	   long	   wavelength	   absorption	   “tail”	   at	   690	  nm	  (Figure	  6.2),	  arising	  from	  absorption	  of	  the	  lowest	  excited	  state.	  The	  low	  energy	  of	   this	   state	   means	   its	   location	   is	   likely	   to	   be	   important	   in	   energy	   transfer	  kinetics.	  The	  location	  and	  nature	  of	  the	  low	  energy	  state	  has	  been	  the	  subject	  of	  much	   study,	   which	   will	   be	   reviewed	   briefly	   below.	   It	   is	   widely,	   though	   not	  universally,	  considered	  that	  the	  state	  is	  strongly	  localised	  on	  a	  single	  chlorophyll	  of	   CP47,	   often	   termed	   the	   “690	  nm	   chlorophyll”.	   This	   term	   is	   used	   here	   on	  occasion,	  with	  the	  caution	  that	  both	  the	  precise	  energy	  distribution	  and	  degree	  of	  localisation	  of	  the	  low	  energy	  state	  remain	  under	  debate.	  Also	  in	  this	  chapter	  the	  “red	  state”	  of	  CP47	  refers	  to	  the	  low	  energy	  state	  dominated	  by	  the	  690	  nm	  chlorophyll.	  	  The	  red	  state	  absorption	  is	  associated	  with	  a	  negative	  linear	  dichroism	  feature	  in	  oriented	   PSII	   samples,	   indicating	   that	   it	   arises	   from	   a	   chlorophyll	   whose	   Qy	  transition	   dipole	   is	   oriented	   at	   >35°	   to	   the	   plane	   of	   the	   thylakoid	  membrane.138,145	   This	   orientation	   is	   uncommon	   in	   PSII;	   a	   large	   majority	   of	  chlorophylls	   have	   their	   y-­‐axes	   near-­‐parallel	   to	   the	   membrane	   plane.16,138	   The	  polarisation	   of	   the	   695	   nm	   fluorescence	   band	   seen	   in	   PSII	   samples	   at	   77	  K	  
	  120	  
(“F695”)	  has	  a	  similar	  orientation,145	  strongly	  indicating	  that	  the	  absorption	  and	  fluorescence	   bands	   involve	   the	   same	   pigment.	   The	   bands	   are	   present	   in	   CP47	  and	  not	  in	  the	  isolated	  reaction	  centre,	  confirming	  that	  the	  lowest	  energy	  Qy(0,0)	  transition	  in	  PSII	  is	  due	  to	  a	  chlorophyll	  located	  on	  CP47.144	  This	  state	  seems	  to	  be	   present	   in	   native	  PSII	   from	  all	   organisms,138,139,144-­‐146	   although	   its	   apparent	  intensity	   can	   vary	   considerably	   in	   both	   absorption	   and	   fluorescence	  measurements.67,145	  The	  cause	  of	   this	  variation	   is	  not	  well	  understood;	   the	  red	  state	   is	   suspected	   to	   be	   extremely	   fragile,	   at	   least	   in	   isolated	   CP47	  preparations.67	  	  In	   1994,	   Shen	   and	  Vermaas147	   published	   a	   site-­‐directed	  mutagenesis	   study	   on	  PSII	   from	   Syn.	   6803	   pcc,	   substituting	   various	   histidine	   residues	   in	   CP47	   and	  studying	   the	   effects	   on	   fluorescence,	   assembly	   and	   function	   of	   PSII.	   Several	  mutations	  caused	  large	  decreases	  in	  the	  intensity	  of	  F695	  (relative	  to	  the	  F685	  band)	  in	  the	  77	  K	  emission	  spectrum	  of	  the	  mutant	  PSII;	  the	  F695	  decrease	  also	  correlated	  with	  reduction	  in	  stable	  assembly	  of	  the	  functional	  PSII	  complex.	  The	  single-­‐site	  mutations	  that	  had	  the	  largest	  effect	  on	  both	  F695	  and	  PSII	  assembly	  were	  replacement	  of	  H23	  or	  H114	  of	  CP47	  with	  tyrosine	  (which	  cannot	  act	  as	  a	  fifth	   ligand	   to	   the	   central	   magnesium	   atom	   and	   therefore	   does	   not	   provide	   a	  binding	   site	   for	   chlorophyll).	   The	   double-­‐mutation	   of	   H201Y/H202Y	   also	  resulted	  in	  the	  near-­‐total	  loss	  of	  F695.	  	  	  Between	  1994–2004,	  numerous	  spectroscopic	  techniques	  were	  brought	  to	  bear	  on	   isolated	  CP47	  complexes,	  with	  much	  attention	  paid	   to	   the	  properties	  of	   the	  lowest	  energy	  states.	  Spectral	  hole-­‐burning	  (SHB)	  results	  suggested	   the	   lowest	  state	  was	  around	  690	  nm,	  with	  relatively	  small	  electron-­‐phonon	  coupling.148,149	  Fluorescence	   line	   narrowing	   (FLN)	   spectroscopy	   revealed	   that	   at	   least	   two	  electronic	   states	   contributed	   to	   the	   low	   temperature	   fluorescence	   spectrum.47	  The	   lowest	   state,	   selected	   by	   excitation	   of	   λ	   >	   690	   nm,	   exhibited	   an	   unusual	  1633	  cm–1	  vibration	  which	  was	  attributed	  to	  a	  very	  strong	  hydrogen	  bond	  to	  the	  oxygen	  of	  the	  13C	  keto	  group.150	  However	  near-­‐IR	  pump-­‐probe	  spectra	  at	  room	  temperature	   found	   no	   clear	   evidence	   for	   the	   strong	   hydrogen	   bond,	   instead	  suggesting	  the	  690	  nm	  state	  had	  its	  keto	  band	  at	  1686	  cm–1	  corresponding	  to	  a	  pigment	  with	  chlorophyll	  with	  a	  weak	  hydrogen	  bond	  and/or	  residing	  in	  a	  polar	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environment.151	   Triplet-­‐minus-­‐singlet	   spectra	   suggested	   that	   the	   lowest	   state	  has	   a	   short	   triplet	   lifetime,	   most	   likely	   due	   to	   triplet	   quenching	   by	   a	   nearby	  
β-­‐carotene.47,152	  Energy	   transfer	  rates	  within	  CP47	  were	   found	  to	  be	  similar	   to	  those	  of	  CP43,	  with	  ultrafast	  transfer	  between	  chlorophylls	  of	  the	  same	  (stromal	  or	   lumenal)	   layer,	   and	   a	   time	   constant	   of	   a	   few	   picoseconds	   for	   inter-­‐layer	  energy	   transfer.	   An	   additional	   slower	   rate	   (17	   ps	   at	   77	   K)	   was	   identified	   for	  energy	   transfer	   to	   the	   lowest	   energy	   state.95,151	   The	   lowest	   energy	   state	   was	  found	  by	  Huyer	  et	   al.	   to	  have	  a	   significantly	   longer	   lifetime	   (~5.5	  ns)	   than	   the	  second-­‐lowest	   emitting	   state	   (~2	   ns)	   at	   all	   temperatures.153	   The	   nominally	  higher	   energy	   states	   are	   emissive	   in	   a	   fraction	   of	   complexes	   due	   to	   energy	  disorder,	  as	  discussed	  in	  section	  1.3.	  	  The	  first	  crystal	  structures	  of	  PSII	  provided	  few	  surprises	  within	  CP47,	  showing	  densely-­‐packed	   chlorophylls	   bound	   in	   two	   distinct	   layers13	   (Figure	   5.1).	  Although	   the	   first	   structure	  was	   not	   of	   sufficient	   resolution	   for	   chlorophyll	   x-­‐	  and	   y-­‐axes	   to	   be	   distinguished,	   initial	   structure-­‐based	   energy	   transfer	  calculations40	  assigned	  the	  chlorophyll	  bound	  to	  His114	  as	  F695,	  on	  the	  basis	  of	  the	  mutagenesis	  results.147	  In	  2005,	  the	  structure	  was	  refined	  to	  3.0Å	  resolution,	  allowing	   orientations	   of	   the	   chlorophyll	   Qx	   and	   Qy	   transition	   dipoles	   to	   be	  assigned	  with	  some	  confidence.14	  The	  only	  chlorophyll	  with	  a	  sufficiently	   large	  angle	  between	  its	  y-­‐axis	  and	  the	  membrane	  plane	  was	  the	  chlorophyll	  bound	  to	  His114,	  which	  was	   identified	  as	  Chl	  627	  (Umena	  numbering;	   see	  Appendix	  D).	  Since	   this	   was	   the	   expected	   orientation	   for	   the	   low	   energy	   state	   from	   the	  polarised	  absorption	  and	   fluorescence	  results,	   the	  conclusion	  became	  accepted	  that	  this	  was	  the	  “690	  nm	  chlorophyll”	  and	  the	  origin	  of	  the	  F695	  emission	  band	  of	  PSII	  cores	  at	  77	  K.	  	  	  Calculations	   carried	   out	   in	   2008	   by	   Raszewski	   and	   Renger39	   had	   considerable	  success	  in	  explaining	  optical	  spectra	  of	  PSII,	  but	  the	  lowest	  energy	  state	  of	  CP47	  was	  not	  modelled	  satisfactorily.	  The	  state	  was	  necessarily	  placed	  on	  Chl	  627	  in	  order	   to	  ensure	   the	  correct	   linear	  dichroism	  (LD)	  sign,	  however	   the	  calculated	  LD	  was	   significantly	   stronger	   than	   the	   experimental	   result.	   The	   absorbance	   in	  the	  >690	  nm	  region	  also	  appeared	   too	  strong,	  but	  was	  necessary	   to	  reproduce	  the	   experimental	   fluorescence	   maximum.	   The	   calculated	   room	   temperature	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circular	  dichroism	  (CD)	  of	  CP47	  was	  in	  qualitative	  agreement	  with	  experiment,	  but	  calculations	  of	  low	  temperature	  CD	  were	  not	  reported.	  Additionally,	  in	  2007	  an	   experiment	   by	   Hughes	   &	   Krausz154	   showed	   that	   illumination	   of	   PSII	   cores	  (with	  open	  reaction	  centres)	  with	  690.1	  nm	  light	  at	  1.7	  K	  resulted	  in	  reduction	  of	  QA	  and	  selective	  electrochromism	  in	  the	  narrow	  band	  of	  690.1	  nm	  pigments	  that	  was	   excited.	   Both	   observations	   (QA	   reduction	   and	   resulting	   electrochromism)	  imply	   that	   some	   690.1	   nm	   absorption	   is	   by	   a	   “linker”	   pigment	   close	   to	   the	  reaction	  centre,	  most	   likely	  Chl	  622.154	  However	  no	   linker	  Chl	  has	  appropriate	  orientation	  to	  produce	  the	  observed	  negative	  LD.	  	  
5.1.2.	  	  	  2009–2013:	  Which	  is	  the	  “690	  nm	  chlorophyll”?	  
	  The	   literature	   discussed	   so	   far	   leaves	   significant	   open	   questions	   about	   the	  nature	   of	   the	   lowest	   energy	   state	   in	   CP47.	   In	   addition	   to	   the	   just-­‐mentioned	  discrepancies	   between	   calculation	   and	   experiment,	   the	   low-­‐temperature	  fluorescence	   peak	   of	   isolated	   CP47	   samples	   had	   been	   reported	   at	   690	   nm,152	  691	  nm,148,149	  693	  nm,144	  and	  695	  nm139	  (although	  close	  inspection	  of	  the	  latter	  spectrum	   suggests	   the	   peak	   is	   at	   692–693	   nm,	   assuming	   it	   was	   printed	  accurately).	  The	  absorption	  of	  the	  lowest	  state	  was	  generally	  assigned	  between	  685–690	  nm,	  meaning	  emission	  at	  691–693	  nm	  (or	  695	  nm	  as	  observed	  in	  PSII)	  may	  require	  at	  least	  a	  moderate	  Stokes	  shift,	  which	  is	  not	  supported	  by	  SHB	  or	  FLN	  results.	  	  An	   effort	   to	   address	   these	   issues	   was	   made	   recently	   by	   the	   Jankowiak	  group.44,67,155	  (A	  good	  summary	  of	  the	  preceding	  literature	  was	  given	  in	  Neupane	  et	   al.67).	   In	   these	   works	   the	   energy	   distribution	   of	   the	   low	   energy	   states	   was	  studied	  using	  various	  low	  temperature	  fluorescence	  and	  absorbance	  techniques.	  It	  was	  found	  that	  when	  samples	  from	  the	  same	  batch	  of	  CP47	  preparation	  were	  treated	   in	   different	   ways	   during	   preparation	   for	   spectroscopy,	   the	   resulting	  fluorescence	  spectra	  showed	  the	  type	  of	  variation	  previously	  observed.67	  It	  was	  concluded	   that	   the	   lowest	   energy	   state	   of	   CP47	   is	   very	   easily	   destabilised,	  meaning	  shifted	   to	  higher	  energy	  due	   to	  disruption	  of	   the	  pigment-­‐pigment	  or	  pigment-­‐protein	   interactions	   that	   cause	   the	   low	   transition	   energy.	   It	   was	  reported	   that	   careful	   sample	   treatment	   resulted	   in	   reproducible	   fluorescence	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spectra	   peaking	   at	   695	   nm.	   These	   samples	  were	   concluded	   to	   represent	   CP47	  that	  was	   fully	   “intact”,	  meaning	  with	   the	   same	   electronic	   structure	   as	   CP47	   in	  native	  PSII,	  because	  of	  their	  narrow,	  red-­‐shifted	  fluorescence67	  and	  because	  the	  fluorescence	  and	  non-­‐resonant	  hole-­‐burning	  (NRHB)	  spectra	  showed	  similarity	  with	   those	   of	   PSII	   cores.44	   Other	   measurements	   performed	   on	   these	   samples	  included	  low-­‐temperature	  absorption,	  resonant	  SHB,	  and	  FLN.	  It	  was	  concluded	  that	  absorption	  of	  the	  lowest	  state	  was	  very	  weak,	  centred	  at	  about	  693	  nm,	  and	  had	   slightly	   stronger	   electron-­‐phonon	   coupling	   than	   the	   other	   states	   (Huang-­‐Rhys	   factor	   S~1	  with	  mean	  phonon	   frequency	   about	   20	   cm–1)	   resulting	   in	   the	  emission	  maximum	  of	  695	  nm.67	  The	  analysis	  required	  the	  lowest	  state	  to	  have	  total	  oscillator	  strength	  corresponding	  to	  less	  than	  half	  that	  of	  one	  chlorophyll,	  and	  this	  stringent	  criterion	  played	  a	  large	  role	  in	  the	  subsequent	  assignment	  of	  chlorophyll	  site	  energies.	  	  To	  fit	   their	  experimental	  data,	  Reppert	  et	  al.	  assigned	  the	   lowest	  site	  energy	  to	  Chl	   624,	  with	   the	   spatially	   nearby	   Chls	   622	   and	   625	   also	   contributing	   to	   the	  lowest	  state.44	  Chl	  627	  was	  assigned	  the	  second	  lowest	  site	  energy.	  This	  begs	  the	  question	   of	   how	   the	   observed	   negative	   linear	   dichroism	   of	   the	   lowest	   energy	  state	   could	   arise,	   since	   only	   Chl	   627	   (and	   not	   Chl	  624)	   has	   the	   appropriate	  orientation.	  Reppert	  et	  al.	  did	  not	  include	  CD	  or	  LD	  data	  in	  their	  modelling	  on	  the	  basis	   that	   these	   spectra	  were	  not	  yet	  measured	  on	   their	   samples,	   arguing	   that	  the	  earlier	  literature	  spectra	  represent	  partly	  destabilised	  complexes.44	  In	  2013,	  an	  updated	  calculation	   from	  the	  Renger	  group	  confirmed	   that	   the	  Reppert	   site	  energies	  were	  not	  compatible	  with	  published	  CD	  and	  LD	  spectra,46	  but	  their	  own	  fits	   for	  the	  low-­‐energy	  region	  of	  CP47	  were	  also	  not	   improved	  from	  the	  earlier	  calculations.39	  	  	  Clearly,	   unresolved	   questions	   remain	   about	   the	   identity	   of	   the	   lowest	   excited	  state	  of	  CP47.	  An	  interesting	  development	  occurred	  with	  the	  publication	  of	  the	  most	  recent	  crystal	  structure	  at	  1.9	  Å	  resolution.16	  Chlorophyll	  612	  underwent	  a	  reflection,	   which	   caused	   the	   x-­‐	   and	   y-­‐axes	   of	   this	   chlorophyll	   to	   exchange	  orientations.	  The	  new	  y-­‐axis	  makes	   an	   angle	   of	   about	  50°	  with	   the	  membrane	  plane.	   The	   previously	   accepted	   fact,	   that	   only	   chlorophyll	   627	   has	   the	   correct	  orientation	   to	   give	   a	   negative	   LD	   in	   a	   monomeric	   lowest	   energy	   state,	   is	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therefore	  incorrect.	  In	  the	  light	  of	  this	  development	  and	  the	  ongoing	  difficulty	  in	  reconciling	   experiments	  with	   theory,	   further	   spectroscopic	   evidence	   regarding	  the	   emitting	   state(s)	   of	   CP47	   is	   clearly	   desirable.	   The	   combination	   of	   CD	   and	  CPL,	   which	   proved	   effective	   in	   characterising	   the	   less-­‐controversial	   CP43	  complex,	  is	  utilised	  again.	  	  It	   is	   clear	   from	   the	  discussion	  above	   that	  any	  optical	   study	  on	  CP47	  should	  be	  preceded	  by	  an	   investigation	  of	   the	  effects	  of	  sample	  treatment	  on	  the	  spectra.	  	  This	  was	  undertaken	  and	   is	  described	   in	   section	  5.2.	   Initial	   characterisation	  of	  the	   chosen	   sample,	   including	   the	   significant	   fluorescence	   changes	   upon	   low-­‐temperature	  illumination,	   is	  presented	  in	  section	  5.3.	  Low	  temperature	  CD	  and	  temperature-­‐dependent	   CPL	   are	   presented	   in	   section	   5.4,	   and	   the	   results	   are	  analysed	   qualitatively	   by	   Gaussian	   fitting	   in	   section	   5.5.	   In	   section	   5.6	   simple	  structure-­‐based	  calculations	  are	  described,	  which	  result	  in	  a	  new	  interpretation	  for	  the	  molecular	  origin	  of	  the	  lowest	  energy	  fluorescence	  band.	  	  	  	  
5.2	  	   Preparation	  of	  CP47:	  Effect	  of	  sample	  treatment	  on	  
	   fluorescence	  spectra	  	  
5.2.1.	  	  	  Isolation	  and	  purification	  of	  CP47	  	  Isolated	   CP47	   from	   spinach	   was	   kindly	   provided	   by	   Dr	   Rafael	   Picorel,	   who	  prepared	   it	   in	   his	   Zaragoza	   laboratory	   using	   previously	   described	   methods.56	  The	   sample	   was	   shipped	   to	   Canberra	   in	   a	   liquid	   nitrogen-­‐cooled	   vessel.	   The	  sample	  buffer	   contained	  20	  mM	  Bis-­‐Tris	   (pH	  6.0),	   0.05%	  DDM,	  75	  mM	  LiClO4.	  The	   sample	   concentration	   was	   OD	   9,	   corresponding	   to	   about	   0.1	   mg/mL	  chlorophyll	   (see	   section	   2.4).	   Upon	   arrival,	   the	   1	  mL	   preparation	  was	   thawed	  and	  15	   aliquots	   of	   40	  µL	  each	  were	  placed	   in	   small	   (0.5	  mL)	  Eppendorf	   tubes	  with	   no	   addition	   of	   buffer	   or	   cryoprotectant.	   All	   aliquots	  were	   then	   stored	   at	  77	  K	   in	   liquid	  nitrogen	  until	  use.	  Samples	  were	  prepared	   for	  spectroscopy	   in	  a	  similar	  manner	   as	   CP43	   (section	   4.2.1).	   Variations	   on	   the	   preparation	   process	  and	  their	  spectroscopic	  consequences	  are	  detailed	  below.	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5.2.2.	  	  	  “Normal”	  sample	  preparation	  	  In	   the	   “normal”	   method	   for	   sample	   preparation	   (also	   used	   for	   CP43	   and	   PSII	  cores),	  one	  40	  µL	  aliquot	  was	  sonicated	   for	  3–5	  minutes	   in	  a	  bath	  sonicator	  at	  2-­‐5°C,	   then	   mixed	   with	   an	   equal	   volume	   of	   a	   50/50	   ethylene	   glycol/glycerol	  mixture	   (hereafter	   referred	   to	   as	   glassing	   agent).	   A	   homogenous	  mixture	  was	  achieved	  by	  vortexing	  for	  10–20	  seconds.	  The	  sample	  was	  then	  injected	  into	  the	  split	   cell	   using	   a	   syringe	   or	   pipette	   (total	   sample	   volume	   is	   20–30	   µL).	   The	  pipette	  was	  affixed	  to	  the	  sample	  rod,	  which	  was	  then	  plunged	  into	  the	  cryostat.	  	  The	  total	   time	  from	  addition	  of	  glassing	  agent	  to	   freezing	  was	  2–3	  minutes.	  All	  operations	   were	   carried	   out	   in	   the	   dark	   or	   under	   minimal	   green	   light.	   The	  resulting	  CP47	  samples	  had	  absorbance	  of	  about	  0.1	  at	  the	  Qy	  maximum	  in	  the	  200–300	  µm	  path	  length	  cells.	  	  When	   samples	  were	   prepared	   in	   this	  manner,	   fluorescence	   spectra	   invariably	  peaked	   at	   690–691	   nm,	   very	   similar	   to	   much	   of	   the	   previous	   literature,149,152	  with	   weak	   temperature	   dependence	   (Appendix	   C,	   Figure	   C5)	   as	   observed	   by	  Groot	  et	  al.152	  Absorption	  and	  fluorescence	  spectra	  (Figure	  5.6)	  were	  the	  same	  as	  those	   in	  Figure	  1A	  of	  Neupane	  et	   al.,67	  which	   that	   group	   concluded	   represents	  destabilised	  complexes.	  	  	  	  	  A	   study	   was	   carried	   out	   to	   investigate	   how	   sample	   treatment	   affected	   the	  fluorescence	  signal,	  with	  the	  aim	  of	  finding	  conditions	  that	  reproduced	  the	  695	  nm	  fluorescence	  peak	  reported	  by	  Neupane	  et	  al.67	  The	  suggestion	  of	  the	  authors	  was	  	  
“At	   the	   beginning	   of	   an	   experiment,	   the	   CP47	   sample	   should	   be	   gently	  
sonicated	  for	  several	  minutes	  in	  a	  cold	  buffer,	  then	  briefly	  incubated	  at	  4	  °C	  
and	  subsequently	  for	  about	  2–3	  min	  at	  room	  temperature	  in	  the	  dark,	  and	  
only	  then	  mixed	  with	  cryoprotectant	  shortly	  before	  use.”	  
	   -­‐	  Neupane	  et	  al.67	  p	  4225.	  	  This	  method	  was	  reported	  to	  result	  in	  narrow	  fluorescence	  spectra	  that	  peaked	  at	   695	   nm	   with	   full	   width	   at	   half	   maximum	   (FWHM)	   ~11	  nm	   at	   70	  K.	   The	  695	  nm	  fluorescence	  spectra	  were	  not	  successfully	  reproduced	  here.	  Variation	  of	  
	  126	  
the	  sonication	  and	  incubation	  times	  (between	  zero	  and	  60	  minutes	  each)	  led	  to	  only	  minor	  differences	  in	  fluorescence	  spectra,	  usually	  peaking	  at	  691	  nm	  with	  longer	  times	  usually	  resulting	  in	  stronger	  emission	  on	  the	  blue	  side.	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preparations.	   It	   is	   also	   worth	   noting	   that	   intentionally	   increasing	   the	  temperature	  (up	  to	  20°C	  for	  10	  minutes)	  and	  the	  light	  level	  (shining	  a	  white	  LED	  torch	  on	  the	  sample	  for	  10	  seconds	  at	  room	  temperature	  prior	  to	  freezing)	  did	  not	  greatly	  affect	  spectra	  such	  as	  those	  in	  Figure	  5.2.	  	  	  Neupane	   et	   al.	   maintained	   the	   detergent	   (DDM)	   concentration	   at	   0.03%	  throughout	   sample	   preparation—this	   DDM	   concentration	  was	   present	   in	   both	  the	  buffer	  and	  the	  glassing	  agent.	  They	  reported	  no	  change	  in	  fluorescence	  when	  the	  DDM	  was	  removed	  from	  the	  glassing	  agent,	  reducing	  the	  final	  concentration	  to	  0.015%.155	  The	  samples	  discussed	  so	  far	  were	  provided	  in	  buffer	  with	  0.05%	  DDM	   (the	   increase	   due	   to	   a	   slight	   change	   in	   Dr	   Picorel’s	   recipe),	   and	   were	  diluted,	  sonicated	  and	  incubated	  at	  this	  DDM	  concentration	  before	  the	  addition	  of	  DDM-­‐free	  glassing	  agent	   reduced	   the	   final	   concentration	   to	  0.025%,	  or	  0.25	  mg/mL	   DDM.	   Experiments	   were	   conducted	   to	   study	   the	   effect	   of	   different	  detergent	   concentrations,	   diluting	   samples	   to	   0.01	   mg/mL	   chlorophyll	   using	  buffers	  of	  varying	  DDM	  concentration,	  to	  give	  a	  final	  concentration	  between	  0.03	  and	  0.001	  %	  DDM.	  The	  critical	  micelle	  concentration	  of	  DDM	  is	  about	  0.008%,	  below	  which	  aggregation	  is	  more	  likely	  to	  occur.	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resulting	   in	   emission	   maxima	   at	   693–695	   nm.	   The	   overall	   emission	   was	  significantly	   lower	   when	   DDM	   was	   decreased,	   so	   the	   right	   hand	   side	   of	  Figure	  5.3,	   where	   spectra	   are	   scaled	   to	   the	   same	   value	   at	   700	   nm,	   is	   more	  representative	  of	  the	  true	  emission	  variation.	  With	  DDM	  concentrations	  around	  0.002%	   to	   0.004%,	   the	   contribution	   of	   the	   blue-­‐side	   fluorescence	   was	  inconsistent—the	  pink	  traces	  in	  Figure	  5.3	  are	  both	  from	  samples	  with	  0.002%	  DDM.	   The	   blue	   emission	   appeared	   to	   vary	   with	   incubation	   time	   but	   these	  variations	   generally	  were	  not	   reproducible,	   perhaps	  due	   to	   small	   variations	   in	  the	   exact	   DDM	   concentration,	   which	   is	   subject	   to	   some	   measurement	   error	  (~5%	  of	   the	   final	   concentration).	   The	  decrease	   in	   emission	   around	  688	  nm	   in	  Figure	  5.3	  is	  obviously	  due	  to	  aggregation	  of	  CP47.	  It	  is	  not	  identical	  to	  the	  result	  reported	  by	  Neupane	  et	   al.,	  who	  maintained	  higher	  DDM	  concentration	  and	  at	  75	  K	  observed	  a	  narrower	  emission	  spectrum	  (FWHM	  ~11	  nm)	  with	  a	  weaker	  685	  nm	  shoulder.155	  The	  red	  trace	  (0.001%	  DDM)	  has	  FWHM	  15	  nm,	  and	  always	  maintained	   a	   strong	   shoulder	   around	   685	   nm	   and	   significant	   emission	   at	  700	  nm,	  which	  was	  reported	  for	  aggregated	  CP47	  under	  similar	  conditions.155	  	  
	  
5.2.4.	  	  	  Conclusions	  and	  future	  work	  
	  The	  conditions	  required	  to	  precisely	  reproduce	  the	  “intact”	  complexes	  reported	  were	   perhaps	   not	   exhaustively	   tried	   here.	   For	   example,	   sonication/incubation	  time	   was	   not	   systematically	   varied	   for	   each	   protein/detergent	   concentration.	  Unfortunately,	   with	   the	   failure	   to	   properly	   reproduce	   the	   spectra,	   no	   decisive	  insights	   as	   to	   the	   nature	   of	   the	   complexes	   prepared	   by	   Neupane	   et	   al.	   are	  achieved	   in	   this	  work.	  One	   speculative	  explanation	   is	   that	   the	   complexes	  were	  slightly	   aggregated,	   perhaps	   into	   small,	   relatively	   uniform	   assemblies	   such	   as	  dimers.	   Such	   structures	   could	   exhibit	   altered	   inter-­‐complex	   energy	   transfer,	  fluorescence	  quenching	  in	  some	  sites,	  or	  electron-­‐phonon	  coupling,	  any	  of	  which	  could	  give	  rise	  to	  the	  narrow	  695	  nm	  fluorescence	  spectrum	  and	  also	  its	  unusual	  temperature	  dependence.155	  The	  arguments	  against	  this,	  given	  in	  the	  supporting	  information	  of	  Acharya	  et	  al.155	  are	  that	  no	  sign	  of	  aggregation	  was	  observed	  by	  size	   exclusion	   chromatography	   or	   from	   the	   hole-­‐burning	   and	   fluorescence	  studies.67	   These	   arguments	   are	   convincing	   in	   ruling	   out	   large	   aggregates,	   but	  may	  not	  be	  conclusive	  in	  ruling	  out	  dimers	  or	  small	  multimers.	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  A	  study	  to	  clearly	  define	  the	  conditions	  required	  to	  prepare	  CP47	  samples	  with	  fluorescence	   peaking	   at	   695	   nm	   has	   been	   left	   for	   future	   work.	   This	   might	   be	  achieved	   by	   studying	   the	   relationship	   between	   protein	   and	   detergent	  concentration,	  and	  perhaps	  the	  stability	  of	  the	  detergent	  (DDM)	  concentration	  in	  the	  buffer	  solution	  over	  time.	  This	  was	  not	  pursued	  further	  here,	  because	  of	  the	  possibility	   that	   dilute	   samples	   with	   chlorophyll	   concentrations	   below	   ~0.02	  mg/mL	  may	   be	   essential	   for	   the	   preparation.	   At	   such	   low	   concentrations	   the	  emission	  signal	  would	  be	  too	  weak	  for	  a	  reliable	  CPL	  measurement;	   increasing	  the	  length	  of	  the	  cell	  is	  not	  a	  solution	  due	  to	  the	  adverse	  effect	  on	  optical	  quality	  (Chapter	   3).	   It	   was	   therefore	   decided	   to	   proceed	   with	   CPL	   measurements	   on	  more	  concentrated	  CP47	  samples	  prepared	  in	  the	  “normal”	  manner	  described	  at	  the	  beginning	  of	  the	  previous	  section,	  with	  fluorescence	  maxima	  at	  690–691	  nm	  as	  observed	  in	  the	  earlier	  literature.	  	  
	  
	  
5.3	  	  	  	  Characterisation	  of	  CP47	  Sample	  
	  
5.3.1.	  Dependence	  of	  fluorescence	  on	  excitation	  wavelength	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excited	  by	  488	  nm	  light	  than	  514	  nm.	  The	  phenomenon	  was	  discussed	  in	  section	  4.2.3	  where	   it	  was	   suggested	   that	   some	   environmental	   factor	  might	   blue-­‐shift	  (or	  remove)	  both	  carotene	  absorption	  at	  514	  nm	  and	  the	  red-­‐most	  chlorophyll	  state—the	   arguments	   against	   contamination	   (by	   other	   light-­‐harvesting	  complexes)	   for	   CP43	   also	   apply	   for	   CP47.67	   This	   suggests	   some	   complexes	   do	  possess	   destabilised	   lowest	   excited	   states	   as	   suggested	   by	  Neupane	   et	   al.	   This	  was	   not	   investigated	   further,	   but	   the	   presence	   of	   a	   spectroscopically	   distinct	  “type”	  of	  complex	  which	  lacks	  red	  emission	  was	  required	  to	  fit	  emission	  spectra	  (sections	  5.5,	  5.6)	  
	  
5.3.2.	  	  	  Photophysical	  effects	  of	  illumination	  on	  CP47	  spectra	  	  As	  with	  CP43,	  illumination	  of	  CP47	  at	  the	  lowest	  temperatures	  has	  been	  shown	  to	   cause	   changes	   in	   spectral	   properties,	   regardless	   of	   sample	   preparation.	  Significant	   illumination	   is	   necessary	   for	   CPL	   measurements,	   so	   the	   effect	   of	  strong	   illumination	   on	   the	   spectra	   should	   be	   recorded.	   The	   fluorescence	  spectrum	   at	   2	   K	   of	   a	   typical	   sample,	   measured	   at	   different	   stages	   of	   2	   K	  illumination,	  are	  shown	  in	  Figure	  5.5.	  	  
	  
	  
Figure	  5.5:	  	  Changes	  in	  profile	  and	  intensity	   of	   the	   2	   K	   fluorescence	  spectrum	   of	   CP47	   due	   to	  photophysical	  processes	  that	  occur	  with	  low	  temperature	  illumination.	  	  Illumination	   and	   fluorescence	  excitation	   were	   both	   at	   514	   nm.	  Total	  fluence	  values	  are	  in	  J/cm2.	  	  	  Clearly,	   significant	   shifts	   in	   the	   emission	   profile	   occur	   with	   low-­‐temperature	  illumination	  of	  CP47,	  in	  contrast	  to	  CP43	  (Figure	  4.13).	  This	  has	  been	  reported67	  and	   is	   due	   to	   non-­‐resonant	   hole-­‐burning	   (NRHB)	   processes	   (section	   1.3.9).	   As	  with	  CP43,	   these	  photophysical	  changes	  reversed	  rapidly	  upon	  warming	  above	  ~40	  K.	  Attempts	   to	   reliably	  measure	   the	   corresponding	   absorption	   changes	   in	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CP47	   were	   thwarted	   by	   weak	   signals	   due	   to	   the	   low	   sample	   absorbance;	   the	  absorption	   changes	  were	   reported	  previously	   for	   a	   sample	   very	   similar	   to	   the	  current	   one	   (Figure	   2A	   of	   Neupane	   et	   al.67).	   After	   76	   J/cm2	   of	   illumination	  (496	  nm),	   hole	   depths	   of	   about	   7%	   were	   observed	   on	   the	   red	   side	   of	   the	  absorption	  spectrum,	  with	  the	  anti-­‐hole	  peaking	  around	  682	  nm.67	  For	  the	  CPL	  spectra	  shown	  in	  section	  5.4,	  illumination	  of	  about	  60	  J/cm2	  at	  514	  nm	  was	  used.	  Therefore	  at	  2	  K,	  the	  blue	  side	  of	  the	  emission	  spectrum	  (<	  690	  nm)	  will	  contain	  a	   contribution	   from	   complexes	   whose	   red	   chlorophylls	   are	   shifted	   from	   their	  usual	   energies,	   but	   the	   contribution	   will	   be	   relatively	   small.	   The	   remaining	  emission	  on	  the	  red	  side	  (>	  690	  nm)	  should	  reflect	  largely	  un-­‐altered	  complexes	  whose	  emission	  has	  not	  been	  shifted.	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The	  low	  temperature	  absorption	  and	  fluorescence	  spectra	  of	  CP47	  match	  closely	  to	   previously	   reported	   spectra.67,152	   The	   CD	   spectrum	   at	   helium	   temperatures	  has	  not	  been	  published,	  and	  is	  examined	  below.	  	  
	  
5.4	  	  	  	  Circularly	  Polarised	  Luminescence	  of	  CP47	  
	  
5.4.1.	  	  	  CD	  of	  the	  “690	  nm	  state”	  
	  In	  Figure	  5.6,	   the	  small	  absorbance	  resulted	   in	  a	  somewhat	  noisy	  CD	  spectrum	  and	  made	  it	  difficult	  to	  discern	  any	  CD	  in	  the	  lowest	  energy	  state.	  The	  CD	  of	  this	  state	  is	  revealed	  in	  Figure	  5.7	  through	  a	  close-­‐up	  look	  at	  the	  690	  nm	  region.	  The	  precise	  CD	  magnitude	  has	  high	  uncertainty	  due	  to	  the	  noise,	  but	  the	  spectra	  can	  be	   compared	   to	   those	   taken	  much	   earlier	   by	  Dr	   Sindra	   Peterson-­‐Årskold	   on	   a	  more	  concentrated	  sample.	  As	  with	  CP43,	  a	  comparison	  of	  the	  overall	  absorption	  and	   CD	   of	   the	   current	   sample	   with	   the	   older	   one	   is	   presented	   in	   Appendix	   C	  (Figure	  C6)	  showing	  the	  samples	  are	  virtually	  identical.	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This	  suggests	  that	  the	  positive	  CD	  at	  >690	  nm	  is	  excitonic	  in	  origin,	  in	  which	  case	  it	   should	   be	   accounted	   for	   in	   exciton	   calculations.	   Since	   for	   an	   excitonic	  transition	  the	  CD	  and	  CPL	  are	  expected	  to	  have	  the	  same	  sign	  (section	  1.3),	  the	  CPL	  spectrum	  can	  serve	  to	  further	  confirm	  the	  excitonic	  character	  of	  the	  690	  nm	  state.	   The	   CPL	   may	   also	   shed	   light	   on	   the	   nature	   of	   the	   blue	   side	   of	   the	  fluorescence	  spectrum.	  	  	  





Figure	  5.8	  	  	  Top:	   Fluorescence	   and	  circular	   polarisation	   of	  luminescence	  (CPL)	  of	  CP47	  at	   2	   K.	   Smoothing	   was	   by	  moving	  average	  (see	  text).	  	  	  Bottom:	   Comparison	   of	   the	  2	   K	   emission	   anisotropy,	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shows	   that	   the	   ratio	   ΔI/I	   is	   very	   similar	   to	   ΔA/A	   for	   the	   low	   energy	  absorption/emission	   at	   692–697	   nm.	   At	   shorter	   wavelengths	   ΔI/I	   is	   less	  negative	  than	  ΔA/A.	  The	  dominant	  reason	  for	  this	  is	  probably	  that	  at	  2	  K	  not	  all	  of	  the	  negative-­‐CD	  states	  around	  685	  nm	  are	  fluorescent—some	  transfer	  energy	  to	  the	  lowest	  state	  at	  ~690	  nm.	  Some	  of	  the	  685	  nm	  states	  are	  the	  lowest	  energy	  in	   their	   particular	   complex,	   and	   therefore	   fluoresce	   themselves	   with	   strong	  negative	  CPL	  which	  dominates	  the	  CPL	  spectrum	  in	  this	  region.	  	  
5.4.3.	  	  	  Temperature	  dependence	  of	  CPL	  
	  The	  CPL	  of	  CP47	  between	  2	  K	  –	  120	  K	  is	  presented	  in	  Figure	  5.9	  below.	  
	  
	  
Figure	  5.9:	  Top:	   Fluorescence	   and	   CPL	   of	  CP47	   at	   different	   temperatures.	  	  	  The	   2	   K	   spectra	   are	   somewhat	  affected	   by	   non-­‐resonant	   hole-­‐burning	  (see	  section	  5.3.2).	  	  	  Bottom:	  Emission	   anisotropy	   (CPL/	  fluorescence)	   ratio,	   compared	   to	  the	   absorption	   anisotropy.	   	   For	  clarity,	   CPL	   spectra	   have	   been	  smoothed	   in	   the	   same	   way	   as	   in	  Figure	  5.8;	   the	   smoothed	  CPL	  was	  used	  to	  calculate	  the	  anisotropy.	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5.5	  	  	  	  Gaussian	  Fitting	  of	  CP47	  Spectra	  	  In	   this	   section	   the	   four	   spectra	   (absorption,	   fluorescence,	   CD	   and	   CPL)	   are	  described	   by	   fitting	   of	   different	   Gaussian	   bands.	   This	   provides	   a	   qualitative	  description	   of	   the	   spectral	   shapes,	   assuming	   spectra	   are	   represented	   by	   a	  combination	  of	  Gaussian	  distributions	  with	  fluorescence	  arising	  from	  the	  lowest	  state	  in	  each	  complex,	  and	  also	  allowing	  for	  a	  fraction	  of	  destabilised	  complexes	  that	  lack	  the	  lowest	  excited	  state.	  The	  molecular	  origins	  of	  the	  various	  bands	  are	  considered	  in	  section	  5.6.	  	  
5.5.1.	  	  	  The	  “690	  nm	  problem”	  	  The	   central	   conundrum	   posed	   by	   the	   low	   energy	   optical	   spectra	   of	   CP47	   is	  illustrated	   in	   Figure	   5.10.	   The	   figure	   shows	   basic	   Gaussian	   fits	   to	   the	  fluorescence	   and	   low	  energy	   absorption	   spectra	  using	   a	   total	   of	   six	  Gaussians.	  	  Each	  Gaussian	  has	  width	  150	  cm–1	  (~7	  nm,	  a	  typical	  value	  assumed	  for	  antenna	  complexes44,46)	   and	   area	   equal	   to	   ~1/16	   that	   of	   the	   CP47	   Qy	   absorbance	  envelope,	   corresponding	   to	   one	   Chl	   a.	   The	   fluorescence	   is	   calculated	   using	  equation	  1.16.	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assignments	   required	   to	   achieve	   this	   were	   not	   consistent	   with	   CD	   and	   LD	  observations.46	  A	  search	  in	  this	  work	  confirmed	  that	  a	  site	  energy	  combination	  with	  both	  low	  dipole	  strength	  and	  the	  required	  linear	  dichroism	  is	  very	  unlikely	  to	  exist	  (section	  5.6);	  for	  this	  reason	  dipole	  strength	  of	  <0.7	  Chl	  a	  for	  the	  lowest	  state	  was	  not	  considered	  here.	  It	  must	  be	  re-­‐emphasised	  that	  although	  pigment	  SDFs	  are	  probably	  Gaussian	  on	  the	  energy	  spectrum,	  the	  same	  shapes	  may	  not	  apply	   to	  dipole	  strengths	  and	  rotational	  strengths.	  Gaussian	   fitting	   is	   therefore	  not	   a	  quantitative	   substitute	   for	   excitonic	   calculations,	   but	   it	   provides	   a	  useful	  guide	  for	  discussing	  aspects	  of	  the	  spectra.	  	  	  
5.5.2.	  	  	  Best	  fit	  to	  CP47	  spectra	  	  When	  low	  dipole	  strength	  of	  the	  lowest	  state	  was	  ruled	  out,	  the	  red	  side	  of	  the	  absorption	  and	  691	  nm	  fluorescence	  peak	  could	  only	  be	  fit	  by	  assuming	  that	  the	  inhomogeneous	  distribution	  of	  the	  lowest	  state	  was	  broad,	  and	  that	  its	  emission	  efficiency	   and	   Stokes	   shift	   were	   both	   larger	   than	   that	   of	   higher	   states.	   The	  fluorescence	  was	  then	  too	  narrow	  unless	  a	  fraction	  of	  complexes	  was	  considered	  to	  be	  ‘destabilised’,	  with	  their	  lowest	  state	  blue-­‐shifted	  or	  missing	  (the	  Gaussian	  fit	   spectra	   were	   calculated	   as	   a	   weighted	   sum	   of	   intact	   and	   destabilised	  complexes).	  	  	  These	   assumptions	   are	   not	   unfounded;	   the	   fluorescence	   on	   the	   red	   side	   has	  considerably	   longer	   lifetime	   which	   was	   assigned	   to	   a	   slower	   rate	   of	   non-­‐radiative	   decay153	   and	   has	   been	   suggested	   to	   have	   stronger	   electron-­‐phonon	  coupling67	  while	  the	  excitation	  dependence	  of	  the	  fluorescence	  spectrum	  (Figure	  5.4)	  suggests	  that	  there	  is	  indeed	  a	  fraction	  of	  complexes	  whose	  fluorescence	  is	  blue-­‐shifted.	  One	  Gaussian	   fit	   for	   absorption,	   CD	   and	   fluorescence	   is	   shown	   in	  Figure	  5.11.	  The	  fit	  parameters	  are	  given	  in	  Table	  5.1.	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Figure	   5.11:	   	   Gaussian	   fits	   to	   the	   long-­‐wavelength	   absorption	   and	   CD	   (left)	   and	   low-­‐fluence	  emission	  (right)	  of	  CP47	  at	  2	  K.	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Table	  5.1:	  Fit	  parameters	  for	  Gaussian	  fits	  in	  Figure	  5.12.	  



















1	  (intact)	   14488	  /	  690.2*	   260	  /	  12	   0.75	   4	   30	  /	  1.4	   0.25	   1.2	  
1’	  	  	  	  
(destabilised)	   14600	  /	  685.0
	   260	  /	  12	   0.75	   1	   5	  /	  0.2	   -­‐	   1.2	  
2	   14612	  /	  684.4*	   150	  /	  7	   1	   1	   5	  /	  0.2	   0	   –3	  
3	   14670	  /	  681.7	   150	  /	  7	   1	   1	   5	  /	  0.2	   0	   –3	  
4	   14680	  /	  681.2	   150	  /	  7	   1	   1	   5	  /	  0.2	   0	   –3	  
5	   14750	  /	  678.0	   150	  /	  7	   1	   1	   5	  /	  0.2	   0	   –3	  	  *In	  fitting	  the	  fluorescence/CPL	  spectra	  of	  Figure	  5.12	  the	  energies	  of	  state	  1	  (intact)	  and	  state	  2	  are	   higher	   by	   7	   and	   5	   cm–1	   respectively,	   to	   approximate	   for	   the	   changes	   observed	   due	   to	   the	  60	  J/cm	  low	  temperature	  illumination	  (Figure	  5.5).	  	  In	  Figure	  5.12,	  25%	  of	  the	  complexes	  have	  their	  lowest	  state	  blue-­‐shifted	  to	  685	  nm.	  The	  fit	  was	  very	  similar	  when	  the	  lowest	  state	  was	  simply	  absent.	  The	  25%	  figure	  is	  strongly	  correlated	  with	  the	  energy	  distribution	  and	  emission	  efficiency	  of	  the	   lowest	  state;	  broadening	  and	  blue-­‐shifting	  the	   lowest	  state	  had	  a	  similar	  effect	   but	   caused	   the	   fluorescence	  peak	   to	  move	   too	   far	   to	   the	   blue.	   The	  main	  conclusion	  of	  the	  Gaussian	  fit	  is	  that	  the	  anisotropy	  of	  the	  lowest	  state	  is	  about	  1.2×10–3	   and	   that	   of	   the	   higher	   states	   averages	   about	  −3×10–3,	   and	   that	   these	  values	   are	   similar	   in	   absorption	   and	   emission.	   Gaussian	   fitting	   provides	   no	  information	   on	   the	   identity	   of	   emitting	   states,	   but	   the	   qualitative	   information	  can	  be	  used	  as	  a	  guide	  for	  basic	  excitonic	  calculations.	  	  	  	  	  
5.6	  	  	  	  Exciton	  Calculations	  	  The	  low-­‐temperature	  CD	  of	  CP47	  has	  not	  been	  included	  in	  the	  published	  results	  of	  linear	  optical	  spectra	  to	  date.39,44,46	  The	  red-­‐most	  state	  is	  usually	  assigned	  to	  Chl	   627	   (Chl	   29	   in	   the	   numbering	   of	   Loll	   et	   al.,	   see	   Appendix	   D)	   because	   this	  gives	  negative	  linear	  dichroism	  (LD)	  as	  required	  by	  experimental	  observations,	  although	  the	  calculated	  LD	  is	  too	  strong	  because	  of	  the	  large	  angle	  (69°)	  to	  the	  membrane	   plane.46	   An	   alternative	   assignment	   for	   the	   red-­‐most	   chlorophyll	   is	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Chl	  612.	  This	  only	  became	  possible	  when	  the	  new	  crystal	  structure	  showed	  the	  reflection	  of	  this	  pigment	  relative	  to	  previous	  structures,	  swapping	  its	  x-­‐	  and	  y-­‐axes.16	  The	  new	  y-­‐axis	  has	  an	  angle	  of	  50°	   to	  the	  membrane	  plane,	  meaning	  its	  LD	  will	  be	  still	  negative	  but	  substantially	  weaker,	  making	  Chl	  612	  a	  more	  likely	  candidate	  on	  the	  basis	  of	  LD.	  	  It	   was	   shown	   in	   section	   2.1	   that	   site	   energies	   taken	   from	   recent	   calculations,	  with	  Chl	  627	  at	  ~690	  nm,46	  result	  in	  the	  lowest	  excited	  state	  having	  negative	  CD.	  This	   does	   not	   conclusively	   rule	   out	   Chl	   627	   as	   the	   red-­‐most	   Chl,	   because	  changing	   the	   site	   energies	   of	   other	   pigments	   may	   confer	   positive	   CD	   to	   the	  lowest	   state.	   Inspection	   of	   Table	   A5	   in	   Appendix	   A	   suggests	   that	   positive	  contributions	  to	  the	  rotational	  strength	  of	  this	  state	  are	  likely	  to	  arise	  from	  the	  pairwise	  interactions	  Chl	  627-­‐Chl	  613	  and	  Chl	  627-­‐Chl	  617.	  	  	  Exploratory	   calculations	   were	   performed	   to	   investigate	   the	   likelihood	   of	   the	  lowest	   energy	   state	   having	   positive	   CD	   when	   centred	   either	   on	   Chl	   627	   or	  Chl	  612.	   The	   search	   utilised	   the	   method	   of	   Reppert	   et	   al.,44	   who	   used	   it	   to	  explore	  pairwise	  candidates	  for	  a	  state	  with	  low	  dipole	  strength.	  The	  method	  is	  based	  on	  the	  fact	  that	  the	  chlorophyll	  nearest	  in	  energy	  to	  the	  lowest	  state	  will	  make	  a	  more	  significant	  contribution	   to	   that	   state,	  and	   therefore	  have	  a	   larger	  effect	   on	   its	   spectroscopic	   properties.	   The	   lowest	   site	   energy	   was	   set	   to	  14450	  cm–1	   (692	  nm)	   and	   placed	   on	   either	   Chl	   627	   or	   Chl	   612.	   The	   second	  lowest	  site	  energy	  was	  set	   to	  14650	  cm–1	   (682.6	  nm)	  and	  was	   located	  on	  each	  other	   pigment	   in	   turn.	   For	   each	   resulting	   pair	   of	   low	   site	   energies,	   random	  (higher)	   site	   energies	  were	   generated	   for	   the	   other	   14	   pigments	   10000	   times	  (see	  section	  5.8).	  For	  each	  of	   these	  10000	  random	  site	  energy	  realisations,	   the	  anisotropy	   (ΔA/A)	  of	   the	   lowest	   state	  was	   calculated	  using	  equation	  1.13.	  The	  results	  of	  the	  search	  are	  shown	  in	  Table	  5.2.	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Table	  5.2:	  Percentage	  of	  randomly-­‐chosen	  site-­‐energy	  realisations	  that	  gave	  anisotropy	  ≥	  1×10–3	  in	  the	  lowest	  state,	  for	  given	  pairs	  of	  lowest-­‐	  and	  second-­‐lowest	  pigments.	  
	   Chl	  627	  lowest	  	   Chl	  612	  lowest	  
2nd	  
lowest	  
ΔA/A	  ≥	  0.001	  
(%	  realisations	  
0.001	  ≤	  ΔA/A	  
≤0.0014	   ΔA/A	  ≥	  0.001	  
0.001	  ≤	  ΔA/A	  
≤0.0014	  
612	   15.2	   9.9	   -­‐-­‐	   -­‐-­‐	  
613	   36.5	   20.2	   9.6	   3.4	  
614	   4.9	   4.4	   100.0	   0.1	  
615	   16.4	   11.2	   60.7	   13.9	  
616	   1.4	   0.9	   42.3	   10.5	  
617	   76.1	   26.3	   88.8	   8.3	  
618	   8.3	   5.2	   61.2	   13.3	  
619	   4.2	   3.0	   50.5	   12.8	  
620	   18.3	   9.3	   26.4	   8.1	  
621	   12.1	   8.1	   46.8	   11.9	  
622	   2.4	   2.3	   34.3	   10.2	  
623	   50.1	   22.5	   49.1	   12.6	  
624	   6.4	   3.8	   48.8	   12.5	  
625	   0.1	   0.0	   33.9	   9.1	  
626	   11.2	   6.5	   41.1	   11.7	  
627	   -­‐-­‐	   -­‐-­‐	   46.8	   12.2	  
Total%	   17.6%	   8.9%	   49.4%	   9.8%	  *	  Energy	  of	  lowest	  Chl:	  14450	  cm–1,	  second-­‐lowest:	  14650	  cm–1.	  	  Highlighted	  in	  pink	  are	  the	  two	  Chls	   most	   likely	   to	   be	   the	   second	   lowest	   based	   on	   other	   results,	   see	   text.	   All	   numbers	   are	  %	  realisations.	  	  	  	  The	  shaded	  columns	  of	  Table	  5.2	  show	  the	  percentage	  of	  site	  energy	  realisations	  that	   had	   ΔA/A	   greater	   than	   1×10–3,	   for	   each	   low-­‐energy	   Chl	   pair.	   The	   non-­‐shaded	  columns	  show	  the	  results	  when	  ΔA/A	  was	  restricted	  to	  between	  1×10–3	  and	  1.4×10–3;	  the	  observed	  value	  for	  the	  lowest	  state	  of	  CP47	  is	  about	  1.2×10–3,	  see	  Table	  5.1.	  A	   similar	   search	   for	   low	  dipole	   strength	   in	   the	   lowest	   state	  was	  also	   carried	   out;	   zero	   states	   were	   found	   that	   had	   D<0.75	   Chl	   a	   equivalent,	  confirming	   that	   the	   low	   absorbance	   beyond	   690	   nm	   must	   arise	   due	   to	   large	  inhomogeneity.	  	  The	   table	   shows	   that	   a	   moderate	   fraction	   of	   realisations	   (~9–10%)	   have	  appropriate	  positive	  CD	  when	  either	  Chl	  627	  or	  612	  is	  at	  low	  energy.	  Only	  a	  few	  Chls	   confer	   significant	   positive	   CD	   to	   a	   low-­‐energy	   state	   on	   Chl	   627	   (namely	  Chls	  613,	  617,	  and	  623),	   and	   the	   plausible	   site	   energy	   combinations	   are	  dominated	   by	   realisations	   where	   one	   of	   these	   chlorophylls	   has	   the	   second-­‐
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lowest	  site	  energy.	  This	  arises	  because	  Chl	  627	  is	   the	  most	   isolated	  pigment	   in	  the	  core	  antenna,	   (its	   largest	  coupling	  energy	   is	  5.8	  cm–1	   to	  Chl	  617,	   see	  Table	  2.1)	   which	   means	   only	   Chls	   with	   similar	   energy	   can	   make	   a	   large	   enough	  contribution	  to	  the	  exciton	  state	  to	  cause	  significant	  CD.	  Consequently,	   there	   is	  little	   flexibility	  to	  choose	  site	  energies	  that	  also	  agree	  with	  other	  spectroscopic	  results.	  	  	  	  One	   of	   these	   results	   is	   the	   observation	   that	   some	   absorption	   at	   690	   nm	  must	  arise	  from	  one	  of	  the	  ‘linker’	  pigments	  adjacent	  to	  the	  reaction	  centre,	  Chl	  619	  or	  Chl	  622.	  This	  was	  a	   strong	  conclusion	   from	   the	  hole-­‐burning/electrochromism	  result	   of	   Hughes	   et	   al.,154	   who	   considered	   Chl	   622	   the	   most	   likely	   candidate	  based	   on	   its	   electrochromic	   shift	   upon	   QA	   reduction.	   If	   Chl	   627	   is	   the	   lowest-­‐energy	  chlorophyll,	  the	  red-­‐most	  state	  is	  unlikely	  to	  have	  positive	  CD	  if	  either	  of	  Chl	  622	  or	  619	   is	   the	  second	   lowest—attempts	   to	   reproduce	   the	   red	  region	  of	  the	  experimental	  CD	  spectrum	  under	  this	  restriction	  were	  not	  successful.	  It	  was	  possible	   to	   approximately	   reproduce	   the	  CD	   spectrum	  with	  Chl	   613	  or	  617	   as	  the	   second	   lowest	   chlorophyll.	   Both	   these	   Chls	   are	   remote	   from	   the	   reaction	  centre	   meaning	   they	   are	   unlikely	   to	   be	   compatible	   with	   the	   electrochromism	  results.	  Furthermore,	   the	  fits	  required	   large	  changes	  from	  previously	  proposed	  site	   energies,	  which	  were	   fit	   to	  multiple	   spectroscopic	   data;46	   the	   changes	   are	  likely	   to	   result	   in	   poorer	   fits	   to	   other	   results.	   Given	   these	   factors	   and	   that	   the	  poor	   fit	   of	   Chl	   627	   to	   the	   LD	   spectrum	   mentioned	   earlier,	   it	   seems	   the	  combination	  of	  available	  spectroscopic	  results	  is	  unlikely	  to	  be	  compatible	  with	  the	   assignment	   of	   Chl	   627	   as	   the	   “690	   nm	   chlorophyll”	   of	   CP47.	   If	   possible	  another	  candidate	  should	  be	  found.	  	  Attention	  now	  turns	  to	  Chl	  612	  as	  a	  possible	  alternative	  with	  negative	  LD	  for	  the	  lowest	   state.	   If	   Chl	   612	   is	   assigned	   as	   the	   lowest	   state	   then	   almost	   any	  chlorophyll	   can	   be	   assigned	   as	   the	   second-­‐lowest	   state	   with	   a	   realistic	  probability	   (≥~10%)	   that	   a	   random	   realisation	   gives	   the	   right	  CD.	  This	   allows	  more	  freedom	  in	  choosing	  site	  energies	  that	  also	  agree	  with	  other	  spectroscopic	  results.	  Chl	  612	  is	  less	  isolated	  than	  Chl	  627,	  having	  coupling	  energies	  of	  39	  cm–1	  to	   Chl	   613	   and	   11.1	   cm–1	   to	   Chl	   614	   (Table	   2.1).	   Also,	   Chls	   613	   and	   614	   are	  strongly	   coupled	   to	   each	   other	   (–66.6	   cm–1),	   meaning	   these	   pigments	   form	   a	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coupled	  trimer	  with	  Chl	  612.	   If	   the	   lowest	  state	   is	  dominantly	  on	  Chl	  612	  then	  the	   contribution	   of	   Chl	   614	   confers	   strong	   positive	   CD,	   while	   Chl	   613	   gives	  negative	  CD.	  Table	  5.2	  shows	  that	  the	  CD	  of	  the	  red	  state	  is	  too	  strongly	  positive	  if	  Chl	  614	  has	  the	  second	  lowest	  energy,	  and	  usually	  not	  positive	  enough	  if	  Chl	  613	  is	  the	  second	  lowest.	  	  	  It	  was	  found	  that	  if	  Chl	  614	  was	  placed	  around	  14700–14800	  cm−1	  and	  Chl	  613	  at	  15000–15200	  cm−1	  then	  the	  correct	  positive	  ΔA/A	  could	  be	  obtained	  for	  the	  red	   part	   of	   the	   spectrum.	   The	   overlapping	   negative	   CD	   band	   at	   <690	   nm	   (see	  Figure	  5.11)	  was	  provided	  by	  Chl	  622	  as	   the	  second	   lowest	  state,	   centred	  near	  14630	   cm–1.	   	   None	   of	   these	   three	   assignments	   is	   a	   change	   from	   the	   previous	  energies	  of	  Shibata	  et	  al.	  (Table	  2.1),	  meaning	  a	  straight	  swap	  of	  Chl	  612	  for	  Chl	  627	  as	  the	  lowest	  state	  greatly	  improved	  the	  fit	  to	  the	  CD	  (and	  LD)	  of	  the	  lowest	  state,	   without	   requiring	   changes	   to	   other	   Chls.	   The	   resulting	   negative	   CD	   at	  ~685	   nm	   was	   slightly	   too	   strong.	   This	   was	   rectified	   by	   giving	   Chl	   620	   an	  overlapping	   SDF	   centred	   at	   14684	  cm–1,	   which	   was	   the	   previously-­‐assigned	  energy	  of	  Chl	  612	  (this	   is	   likely	  only	  one	  of	  several	  changes	  that	  could	  achieve	  the	   same	   effect).	   The	   new	   SDF	   chosen	   for	   Chl	   627	   has	   no	   effect	   on	   the	   low-­‐energy	  side	  of	  the	  spectrum	  provided	  it	  does	  not	  overlap;	  it	  was	  given	  the	  energy	  previously	  assigned	  to	  Chl	  620.	  	  	  	  Using	   the	   guidelines	  discussed	   above,	   ensemble	   spectra	  were	   estimated	   in	   the	  low	  energy	  region	  as	  described	  in	  section	  2.1.	  The	  SDFs	  were	  varied	  slightly	  to	  achieve	  a	  good	  fit	  to	  the	  experiments,	  the	  main	  requirement	  being	  a	  large	  width	  for	   the	   lowest	   state.	   As	   mentioned	   previously,	   the	   calculation	   of	   simple	   stick	  spectra	  means	  that	  further	  minor	  adjustments	  would	  be	  needed	  to	  fit	  the	  spectra	  if	  full	  homogeneous	  lineshapes	  were	  considered.	  The	  best	  fits	  to	  the	  absorption,	  CD,	   emission	   and	   CPL	   are	   presented	   in	   Figure	   5.13,	   along	   with	   the	   SDF	  parameters	  that	  were	  used.	  	  


















Figure	  5.13:	  Left:	  Long-­‐wavelength	  region	  of	  CP47	  absorption,	   CD,	   emission	   and	   CPL	   spectra,	  calculated	   at	   2	   K	   using	   the	   methods	   from	   section	  2.1.	   Above:	   Gaussian	   site	   distribution	   functions	   for	  the	  calculation.	  	  	  	  In	   calculation	   of	   the	   emission	   and	   CPL,	   it	   was	   assumed	   that	   the	   emission	  anisotropy	   is	   the	  same	  as	   the	  absorption	  anisotropy	   (equation	  1.14).	  Emission	  efficiencies	  were	  proportional	  to	  dipole	  strength,	  with	  no	  other	  consideration	  of	  non-­‐radiative	   decay	   rates,	   and	   a	   Stokes	   shift	   of	   5	   cm−1	   was	   assumed	   for	   all	  emitting	  states.	  The	   large	  discrepancy	  on	   the	  red	  side	  of	   the	  emission	  and	  CPL	  spectra	   would	   be	   greatly	   improved	   if	   the	   lowest	   state	   were	   a	   more	   efficient	  emitter,	   with	   a	   larger	   Stokes	   shift,	   than	   the	   higher	   states.	   These	   same	  characteristics	   were	   also	   required	   for	   successful	   Gaussian	   fitting,	   and	   the	  literature	  provides	  some	  justification	  for	  these	  expectations	  (see	  section	  5.5.2).	  The	   lack	   of	   emission	   on	   the	   blue	   side	   of	   the	   calculated	   spectrum	   would	   be	  improved	  by	  allowing	  for	  a	  fraction	  of	  destabilised	  complexes,	  which	  also	  were	  not	  incorporated	  in	  the	  calculation.	  
Chl	   Energy	  (cm–1)	  
Width	  	  
(cm–1)	  
612	   14555	   220	  
613	   15200	   -­‐	  
614	   14770	   -­‐	  
615	   14993	   -­‐	  
616	   14760	   150	  
617	   14937	   -­‐	  
618	   15049	   -­‐	  
619	   14903	   -­‐	  
620	   14684	   150	  
621	   15244	   -­‐	  
622	   14635	   120	  
623	   15072	   -­‐	  
624	   14937	   -­‐	  
625	   14815	   -­‐	  
626	   14914	   -­‐	  




























































5.7	  	  	  	  Summary	  
	  The	  CD	  spectra	  in	  Figure	  5.7	  show	  clearly	  that	  the	  lowest	  excited	  state	  of	  CP47	  has	  positive	  CD,	  with	  anisotropy	  ΔA/A	  of	  about	  0.0012.	  This	  spectrum	  has	  never	  been	   published—to	  my	   knowledge,	   the	   only	   low	   temperature	   CD	   spectrum	   of	  CP47	  in	  the	  literature	  is	  from	  Kwa	  et	  al.	  in	  1994.58	  That	  spectrum	  (taken	  at	  77	  K)	  was	  severely	  non-­‐conservative,	  which	  perhaps	  contributed	  to	  it	  being	  neglected	  from	   later	   exciton	   calculations.39	   The	   spectrum	  was	  measured	   using	   the	   same	  methods	   as	   the	   earlier	   CP43	   CD	   spectrum57—as	   discussed	   in	   Chapter	   3,	   the	  method	  may	  be	  vulnerable	  to	  artifacts.	  	  
	  The	  CPL	  results	  presented	  in	  this	  chapter	  confirm	  the	  expectation	  that	  the	  CD	  of	  the	   low	   energy	   state	   is	   excitonic	   in	   origin,	   since	   the	   absorption	   and	   emission	  anisotropy	  ratios	  are	  very	  similar.	  Gaussian	  fitting	  suggests	  the	  lowest	  state	  has	  higher	   emission	   efficiency	   than	   the	   higher	   states,	   in	   line	   with	   fluorescence	  lifetime	   measurements.153	   The	   structure-­‐based	   analysis	   of	   the	   rotational	  strength	   of	   the	   lowest	   energy	   state	   (section	   5.6)	   suggests	   strongly	   that	   it	   is	  located	   on	   Chl	   612.	   The	   earlier	   assignment	   of	   Chl	   627	   is	   unlikely	   to	   be	  compatible	  with	  CD	  and	  CPL	  results.	  	  	  The	   location	   of	   the	   low	   energy	   state	   on	   Chl	   612	   is	   not	   compatible	   with	   the	  conclusion	   of	   Reppert	   et	   al.	   that	   this	   state	   has	   very	   low	  dipole	   strength	   and	   a	  relatively	   narrow	   inhomogeneous	   distribution	   centred	   at	   ~693	   nm.44	   That	  conclusion	  was	  required	  under	  the	  assumption	  that	  the	  CP47	  samples	  prepared	  by	   Neupane	   et	   al.67	   (with	   fluorescence	   at	   695	   nm)	   exhibited	   “normal”	  fluorescence	   behaviour	   for	   an	   isolated	   antenna	   complex,	   i.e.	   no	   inter-­‐complex	  energy	  transfer	  or	  strong	  fluorescence	  quenching.	  The	  sample	  preparation	  study	  performed	   here	   (section	   5.2)	   suggests	   that	   some	   aspects	   of	   the	   695	   nm	  fluorescence	   spectra	   are	   consistent	   with	   aggregation	   of	   CP47;	   the	  aforementioned	  assumption	  may	  therefore	  be	  questionable	  and	  further	  work	  is	  needed	  to	  properly	  test	  it.	  	  In	   the	   analysis	   presented	   here,	   the	   lowest	   energy	   state	   on	   Chl	   612	   has	  absorption	   centred	   at	   689–690	   nm	  with	   a	   broad	   inhomogeneous	   distribution	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meaning	   its	   distribution	   overlaps	   with	   those	   of	   other	   states.	   The	   nominally	  higher-­‐energy	  states	  therefore	  contribute	  to	  the	  fluorescence	  spectrum	  even	  at	  the	   lowest	   temperatures,	   because	   in	   some	   individual	   complexes	   they	   are	   the	  lowest	  energy;	  this	  effect	  is	  likely	  increased	  by	  destabilisation	  of	  the	  lowest	  state	  in	  some	  complexes.	  In	  Chapter	  6,	  it	   is	  shown	  that	  the	  low-­‐temperature	  CD,	  CPL	  and	   fluorescence	   of	   the	   red	   state	   of	   intact	   PSII	   cores	   is	   very	   similar	   to	   that	   of	  isolated	  CP47.	  	  	  
5.8	  	  	  	  Experimental	  	  Sample	   preparation	   techniques	   were	   discussed	   in	   section	   5.2.	   Fluence-­‐dependent	   emission,	   and	   temperature-­‐dependent	   emission	   and	   CPL	   spectra	  were	   collected	   as	   described	   for	   CP43	   in	   section	   4.6,	   except	   that	   several	   steps	  were	   taken	   to	   control	   and	   minimise	   the	   effects	   of	   the	   photophysical	   changes	  (Figure	  5.5)	  on	  the	  2	  K	  emission	  and	  CPL	  spectra.	  To	  prevent	  significant	  changes	  during	   scans,	   the	   sample	   was	   pre-­‐illuminated	   with	   the	   excitation	   beam	   (~20	  mW/cm2	  at	  the	  sample)	  for	  25	  minutes	  (30	  J/cm2	  	  total	  fluence).	  Five	  scans	  of	  10	  minutes	   (12	   J/cm2)	   each	  were	   collected	   in	   a	   positive	  magnetic	   field,	   then	   the	  sample	  was	  annealed	  to	  70	  K	  for	  5	  minutes,	  and	  the	  pre-­‐illumination	  and	  scans	  were	   repeated	   in	   a	   reversed	   magnetic	   field.	   The	   fluorescence	   spectra	   in	   the	  second	  five	  scans	  were	  identical	  in	  shape	  to	  those	  of	  the	  first	  five	  scans,	  and	  only	  small	   illumination-­‐induced	   changes	   were	   evident	   in	   successive	   scans,	   in	   line	  with	   the	   differences	   expected	   from	   Figure	   5.5.	   Changes	   in	   CPL	   between	   scans	  were	  not	  detectable	  (within	  the	  noise).	  The	  fluorescence	  and	  CPL	   in	  Figure	  5.9	  are	  the	  averages	  of	  all	  10	  scans;	  they	  reflect	  CP47	  that	  has	  received	  30–90	  J/cm2	  of	  514	  nm	  excitation,	  an	  average	  of	  60	  J/cm2.	  	  	  	  	  CPL	  measurement	  and	  data	  treatment	  were	  collected	  as	  described	  in	  section	  3.5.	  The	   depolarisation	   factor	   (section	   3.3.3)	   for	   the	   fluorescence/CPL	  measurements	  shown	  in	  this	  chapter	  was	  0.58.	  The	  correction	  for	  reabsorption	  (section	  3.3.4)	  was	  entirely	  negligible.	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The	  method	  for	  excitonic	  calculations	  was	  given	  in	  section	  2.1.	  For	  the	  positive	  CD	   search,	   (Table	   5.2)	   the	   two	   lowest	   energy	   chlorophylls	   were	   given	   site	  energies	  of	  14450	  and	  14650	  cm–1	  and	  the	  remaining	  14	  were	  each	  assigned	  a	  site	  energy	  chosen	  from	  a	  Gaussian	  distribution	  with	  mean	  14900	  and	  standard	  deviation	  200	  cm–1.	  Site	  energies	  chosen	  below	  14650	  cm–1	   for	  these	  pigments	  were	  re-­‐selected.	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Chapter	  6:	  	   The	  Photosystem	  II	  Core	  Complex	  	  
	  
6.1	  	  	  	  Introduction	  
	  
6.1.1.	  	  	  Overview	  of	  PSII	  core	  fluorescence	  	  The	   PSII	   core	   complex	   consists	   of	   about	   30	   proteins	   in	   total,	   with	   some	   only	  loosely	  or	  transiently	  associated	  with	  the	  complex.	  The	  CP43	  and	  CP47	  antenna	  complexes	   are	   bound	   respectively	   to	   the	   D1	   and	   D2	   proteins	   of	   the	   reaction	  centre,	  where	  absorbed	  light	  energy	  is	  used	  to	  drive	  photochemistry.	  The	  crystal	  structure	   of	  Thermosynechococcus	   vulcanus	   identifies	   14	   smaller	   proteins	   that	  surround	   these	   four.16	   A	   similar	   set	   of	   proteins	   is	   present	   in	   PSII	   from	  higher	  plants.	   Specific	   roles	   of	   these	   proteins	   remain	   largely	   unknown,	   but	   they	   are	  likely	  to	  be	  involved	  in	  the	  correct	  assembly	  and	  subsequent	  stabilisation	  of	  the	  core	  complex	  and	  in	  the	  regulation	  of	  light	  harvesting.156	  The	  minor	  proteins	  are	  not	  discussed	  at	   length	   in	   this	  chapter.	  The	  main	  goal	   is	   to	  determine	  whether	  the	  emitting	  states	  of	  the	  PSII	  core	  can	  be	  related	  to	  those	  identified	  for	  the	  CP43	  and	   CP47	   antenna	   complexes	   in	   previous	   chapters,	   again	   using	   CD	   and	   CPL	  spectroscopy.	  	  
	  As	   discussed	   in	   Chapter	   1,	   identification	   of	   the	   low-­‐energy	   antenna	   states	   is	  important	   for	   two	   areas	   of	   PSII	   research.	   Firstly,	   a	   full	   kinetic	   picture	   of	   the	  energy	  transfer	  and	  trapping	  via	  charge	  separation	  has	  still	  not	  been	  achieved;	  this	   is	   a	   key	   step	   in	   understanding	   the	   elusive	   rate	   and	   mechanism	   of	   the	  primary	  charge	  separation	  of	  PSII.27,28,36	  Secondly,	  the	  mechanisms	  and	  locations	  of	   non-­‐photochemical	   quenching	   sites	   remain	   under	   study,157-­‐159	   and	   are	  important	   for	   interpretation	   of	   chlorophyll	   a	   fluorescence	   from	   plants	   in	   the	  field.160	  Both	  these	  areas	  of	  study	  would	  be	  assisted	  by	  a	  clearer	  picture	  of	   the	  excitonic	   structure	   of	   the	   PSII	   proximal	   antennas	   within	   the	   core.28,36,161	  Fortunately,	   core	   complexes	   were	   available	   from	   spinach	   and	   also	   from	   T.	  
vulcanus,	   the	   same	   source	   as	   the	   most	   recent	   crystal	   structure.16	   Figure	   6.1	  displays	   most	   of	   the	   cofactors	   of	   the	   PSII	   core	   of	   interest	   in	   this	   thesis	   as	  resolved	  in	  this	  structure.	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Figure	  6.1:	   	  Cofactors	  of	  the	  PSII	  core	  that	  are	  relevant	  for	  fluorescence.	   	  Top:	  as	  viewed	  along	  the	  plane	  of	  the	  thylakoid	  membrane,	  with	  the	  stroma	  above.	  	  Bottom:	  as	  viewed	  from	  above,	  i.e.	  from	  the	  stromal	  side	  of	  the	  membrane.	   	  Bulk	  chlorophylls	  of	  CP47	  (left	  side)	  and	  CP43	  (right)	  are	   shown	   in	  dark	  green.	   	  Chlorophylls	   and	  pheophytins	  of	   the	   reaction	   centre	  are	   light	   green	  and	  pink	  respectively.	   	  Other	  chlorophylls	  are	  emphasised	  by	  colour:	  Chl	  612	  (11	  in	  the	  earlier	  numbering	  of	  Loll	  et	  al.14),	  is	  the	  lowest	  energy	  Chl	  of	  CP47	  assigned	  in	  the	  previous	  chapter;	  Chl	  622	  (24),	  is	  assigned	  the	  second-­‐lowest	  Chl	  in	  CP47;	  Chl	  631	  (37),	  is	  likely	  the	  “A”	  state	  of	  CP43.	  	  Also	   indicated	   is	   Chl	   627	   (29),	   which	   had	   been	   assigned	   previously	   as	   the	   lowest	   CP47	   Chl.	  Electron-­‐transfer	   cofactors	   emphasised	   include	   the	   acceptor	   plastoquinone	   QA,	   and	   three	  secondary	   donors:	   the	  β-­‐carotene	   Car(D2),	   ChlZ(D2),	   and	   the	   heme	   group	   of	   cytochrome	  b559.	  	  (Taken	   from	   the	   1.9	   Å	   structure	   of	   Umena	   et	   al.,16	   phytyl	   tails	   and	   protein	   are	   removed	   for	  clarity.)	  	  Fluorescence	  from	  core	  preparations	  at	  low	  temperature	  is	  generally	  believed	  to	  arise	  mainly	  from	  the	  CP43	  and	  CP47	  antenna	  proteins,68,69	  and	  in	  the	  previous	  chapters	  the	  chlorophylls	  involved	  in	  the	  main	  fluorescent	  states	  of	  the	  isolated	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antennas	  were	  assigned,	  using	  exciton	  calculations	  to	  simulate	  CD/CPL	  spectra.	  These	   chlorophylls	   and	   some	   other	   significant	   cofactors	   involved	   in	   PSII	   core	  fluorescence	  are	  highlighted	  in	  Figure	  6.1	  and	  detailed	  in	  the	  figure	  caption.	  At	  low	   temperatures	   the	   distance	   between	   the	   two	   antenna	   complexes	   renders	  energy	   transfer	   between	   them	   very	   slow.40	   Despite	   this,	   the	   observed	  fluorescence	  spectrum	  of	  PSII	   is	  not	  a	  simple	  sum	  of	  CP43	  and	  CP47	  spectra.68	  	  This	   may	   arise	   in	   part	   from	   the	   site	   energy	   distributions	   of	   CP43	   and	   CP47	  pigments,	  some	  of	  which	  are	  likely	  to	  be	  different	  when	  attached	  to	  the	  PSII	  core.	  	  In	   this	   chapter	   it	   is	   suggested	   that	   such	   changes	   are	   not	   dominant	   in	   the	  explanation	   of	   emission	   spectra,	   and	   that	   the	   difference	   between	   (the	   sum	  of)	  antenna	  and	  PSII	  core	  fluorescence	  is	  due	  mainly	  to	  the	  presence	  of	  the	  reaction	  centre,	  which	  acts	  as	  an	  efficient	  quencher	  of	  fluorescence.	  	  	  
6.1.2.	  	  	  The	  PSII	  reaction	  centre:	  Native	  and	  isolated	  forms.	  	  CP43,	  CP47	  and	  the	  minor	  proteins	  can	  be	  removed	  from	  the	  spinach	  PSII	  core	  via	   detergent	   treatment.	   The	   resulting	   reaction	   centre	   complexes,	   termed	   ‘RC’	  preparations	  here,	   consist	   of	   only	   the	  D1,	  D2,	   and	   cytb559	   subunits.	  They	  were	  first	   prepared	   in	   1987162	   and	   have	   been	   studied	   intensely	   since	   then.1	   The	  isolated	   RC	   is	   photochemically	   active,	   performing	   the	   primary	   charge	   transfer	  step(s)	  between	  chlorophyll	  and	  pheophytin	  but	  not	  secondary	  electron	  transfer	  because	  they	  lack	  the	  secondary	  acceptor	  QA.	  Current	  evidence	  suggests	  that	  at	  least	   two	   different	   charge	   separation	   pathways	   exist,	   one	   originating	   from	   a	  state	  mainly	  on	  ChlD1	  and	  one	  from	  the	  PD1PD2	  dimer.19	  The	  isolated	  RC	  is	  quite	  strongly	   fluorescent:	   the	   main	   emission	   band	   is	   broad	   and	   peaks	   at	   about	  684.5	  nm,	  with	  quantum	  yield	  around	  7%	  at	  10	  K,	  the	  dominant	  decay	  pathway	  being	   triplet	   formation.163	  The	   lowest	   state	  of	   the	  RC	   is	  dominantly	   located	  on	  ChlD1,	   and	   the	   second-­‐lowest	   state	   on	   PheoD2.17	   The	   emission	   yield	   of	   isolated	  antennas	   is	   about	   11%	   at	   low	   temperature;57,152	   emission	   from	   PSII	   cores	   is	  similar	  under	  optimal	  conditions	  but	  can	  be	  significantly	  lower	  due	  to	  quenching	  by	  photochemistry	  or	  secondary	  donor	  radicals	  such	  as	  ChlZ+.164	  	  Perhaps	  unsurprisingly,	  the	  spectroscopy	  of	  the	  reaction	  centre	  when	  isolated	  is	  somewhat	   different	   to	   that	   of	   its	   native	   configuration	   within	   the	   PSII	   core.	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Absorption	  and	  emission	  due	   to	   the	  native	   reaction	  centre	   in	   the	   intact	  core	   is	  extremely	   difficult	   to	   quantify,	   due	   to	   spectral	   overlap	  with	   antenna	   pigments	  and	  with	  minor	  contaminants,	  particularly	  Photosystem	  I.165,166	  The	  pigment	  site	  energies	   of	   the	   isolated	   and	   native	   RC	   appear	   to	   be	   similar,102	   although	   the	  energy	   distribution	   of	   ChlD1	   is	   red-­‐shifted	   and	   substantially	   narrowed	   in	   the	  intact	  core.17	  The	  intact	  core	  also	  possesses	  a	  weak	  absorption	  band	  that	  extends	  beyond	   730	   nm,	   with	   total	   dipole	   strength	   equivalent	   to	   ~0.15	   Chl	   a.103	  Absorption	   and	   fluorescence	   measurements	   confirmed	   that	   isolated	   RC	  preparations	  do	  not	  possess	   this	   state,103	  which	   is	   referred	   to	   as	   the	  deep	   red	  state	  (DRS)	  of	  PSII.	  	  Excitation	  of	  the	  DRS	  leads	  to	  charge	  separation	  and	  stable	  reduction	  of	  QA	  to	  QA−	  in	   at	   least	   a	   majority	   of	   complexes.18	   The	   absorption	   band	   is	   dominantly	  inhomogeneously	   broadened,	   consistent	   with	   an	   optically-­‐accessible	   charge	  transfer	  state;	  the	  PD1-­‐PD2	  dimer	  is	  the	  only	  realistic	  candidate	  for	  such	  a	  state.18	  Emission	   from	   this	   state	   is	   expected	   to	   peak	   well	   beyond	   730	   nm	   and	   was	  recently	   observed	   at	   about	   780	   nm,	   with	   very	  weak	   yield	   as	   expected	   due	   to	  competition	  of	   the	  slow	  fluorescence	  rate	  with	  much	  faster	  decay	  processes.166	  The	   684.5	   nm	   fluorescence	   band	   of	   the	   isolated	   RC	   is	   not	   evident	   in	   the	   low	  temperature	   fluorescence	   of	   PSII	   cores.68	   This	   is	   unsurprising	   since	   relaxation	  within	   the	  strongly-­‐coupled	  reaction	  centre	  pigments	   is	  expected	   to	  be	   fast,	   so	  the	   deep	   red	   state	   in	   the	  native	   reaction	   centre	   of	   intact	   cores	  will	   be	   rapidly	  populated	   following	   excitation	   of	   the	   684.5	   nm	   states.	   The	   native	   RC	   can	  therefore	   be	   expected	   to	   be	   a	   relatively	   non-­‐emissive	   trap,	   and	   emission	   that	  does	  arise	  from	  the	  reaction	  centre	  in	  PSII	  cores	  is	  at	  much	  longer	  wavelengths	  than	  the	  emission	  bands	  of	  the	  antenna	  complexes	  around	  680–700	  nm.	  	  Excitation	   of	   the	   antenna	   pigments	   in	   the	   PSII	   core	   at	   1.7	   K	   results	   in	   charge	  separation	   with	   high	   yield,	   even	   for	   excitation	   of	   the	   CP47	   state	   beyond	  690	  nm.18	   Since	   this	   antenna	   state	   has	   insufficient	   energy	   to	   transfer	   to	   the	  exciton	  states	  in	  the	  native	  RC	  at	  ~684	  nm,	  this	  result	  suggests	  that	  when	  the	  RC	  is	  open	  (that	  is,	  with	  QA	  in	  its	  neutral,	  oxidised	  form),	  the	  proximal	  antenna	  can	  transfer	   energy	   the	   DRS.	   Excited	   state	   lifetimes	   can	   be	   observed	   via	  measurement	  of	  hole	  widths	  in	  spectral	  hole-­‐burning	  (SHB).	  This	  revealed	  that	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the	  lifetimes	  of	  antenna	  states	  are	  shorter	  when	  the	  reaction	  centre	  is	  open,105	  in	  agreement	  with	  the	  higher	  fluorescence	  yields	  observed	  for	  PSII	  in	  this	  state167.	  When	   the	   reaction	  centre	   is	   closed,	   the	   charges	  on	  D+/QA−	   (D	   is	   some	  electron	  donor)	  are	   likely	   to	  affect	   the	  properties	  of	   the	  charge	   transfer	  state,	   including	  energy	  transfer.18	  However	  lifetimes	  of	  the	  antenna	  states	  in	  the	  core	  were	  still	  found	  to	  be	  shorter	  than	  the	  corresponding	  states	  in	  the	  isolated	  antennas	  by	  a	  factor	  of	  at	  least	  10,153,168	  which	  suggests	  that	  energy	  transfer	  to	  the	  DRS	  is	  also	  possible	  at	  the	  lowest	  temperatures	  when	  the	  RC	  is	  closed.	  The	  lifetimes	  (~0.1–0.6	  ns)	  suggests	  that	  the	  yield	  of	  emission	  from	  the	  antenna	  states	  should	  remain	  significant.	   This	   is	   consistent	   with	   the	   main	   fluorescence	   band	   of	   PSII	   cores,	  which	  peaks	  around	  690	  nm	  at	  5	  K	  (Figure	  6.4).	  	  	  In	  PSII	  core	  complexes	  at	  low	  temperature,	  the	  main	  electron	  transport	  chain	  to	  the	   oxygen	   evolving	   centre	   (OEC)	   is	   blocked	   and	   P680+	   instead	   oxidises	  secondary	   electron	   donors.	   Interpretation	   of	   fluorescence	   and	   SHB	   results	   is	  complicated	   by	   the	   generation	   of	   a	   range	   of	   stable	   donor/acceptor	   pairs	  (D+/QA−).	   Several	   different	   secondary	   donors	   are	   typically	   generated	   when	   a	  sample	  is	  illuminated	  at	  low	  temperature,	  with	  competing	  rates	  of	  formation	  and	  recombination,	  which	  depend	  on	  the	  organism	  and	  sample	  treatment.108	  As	  well	  as	   affecting	   the	   properties	   of	   charge	   transfer	   states,	   these	   localised	   charges	  cause	  electrochromic	  shifts	  in	  the	  transition	  energy	  of	  nearby	  pigments104	  which	  may	  affect	  energy	  transfer.	  More	  importantly,	   if	  D+	   is	  a	  chlorophyll	  or	  carotene	  radical	  it	  will	  efficiently	  quench	  fluorescence	  yields.164,169	  	  	  The	   interplay	   described	   above	   between	   the	   fluorescent	   excited	   states	   in	   the	  antennas	  and	  the	  photochemically	  active	  reaction	  centre	  dominates	  the	  emission	  behaviour	  of	  PSII	  cores	  at	  low	  temperature,	  and	  this	  is	  explored	  in	  the	  next	  two	  sections.	   First,	   the	   PSII	   core	   fluorescence	   spectrum	   and	   its	   highly	   unusual	  temperature	   dependence	   are	   introduced	   and	   discussed	   in	   section	   6.2.	   The	  substantial	  effects	  of	   illumination	  on	  the	  low-­‐temperature	  emission	  spectra	  are	  then	  investigated	  in	  section	  6.3.	  In	  section	  6.4,	  CD	  and	  CPL	  spectroscopy	  is	  used	  to	  address	  the	  key	  question	  of	  whether	  the	  emitting	  states	  of	  “native”	  PSII	  cores	  are	   the	   same	   as	   those	   observed	   in	   the	   antennas.	   The	   overall	   results	   and	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conclusions	  of	  the	  chapter	  and	  the	  thesis	  are	  summarised,	  and	  discussed	  in	  the	  context	  of	  the	  PSII	  literature,	  in	  section	  6.5.	  	  	  
6.2	  	  	   Influence	  of	  the	  Reaction	  Centre	  on	  PSII	  Emission.	  
	   1:	  Temperature	  dependence	  of	  fluorescence	  
	  
6.2.1.	  	  	  Approximation	  of	  reaction	  centre	  absorption	  in	  PSII	  cores	  

































Figure	   6.3:	   Difference	  spectra	   from	   core	   minus	  both	   antennas,	   which	  approximate	   spectra	   of	  the	   reaction	   centre	  spectra	   within	   the	   core	  complex.	  Resolution	  of	  all	  spectra	  was	  2.2	  nm.	  	  Figures	  6.2	  and	  6.3	  are	  similar	  to	  Figure	  1	  from	  Peterson-­‐Årskold	  et	  al.,143	  with	  the	  addition	  of	  the	  T.	  vulcanus	  spectra.	  The	  errors	  introduced	  by	  the	  subtraction	  process	  mean	  the	  deep	  red	  state	  cannot	  be	  identified	  in	  the	  difference	  spectra.	  	  The	  lowest	  energy	  excitonic	  absorption	  of	  the	  native	  reaction	  centre	  is	  estimated	  at	   683.3	   nm	   in	   spinach	   and	   685.0	   nm	   for	   T.	   vulcanus,	   which	   is	   in	   line	   with	  expectation	   from	   the	   literature;	   calculations17	   and	   experiments171	   have	   shown	  that	  ChlD1	  and	  PheoD2	  dominate	   the	   lowest	  and	  second-­‐lowest	   states	  of	   the	  RC	  respectively.	  The	  CD	  difference	  spectrum	  in	  spinach	  shows	  a	  positive	  feature	  at	  685–690	  nm,	  which	   is	   relevant	   for	   the	  CPL	  and	   is	  mentioned	   later.	  Of	   interest	  now	  is	  the	  effect	  of	  energy	  transfer	  to	  the	  reaction	  centre	  on	  fluorescent	  states	  of	  CP43	  and	  CP47.	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6.2.3.	  	  	  Discussion	  and	  conclusions	  	  A	  definitive	  analysis	  and	  description	  of	  energy	  transfer	  processes	   in	  PSII	   is	  not	  the	   purpose	   of	   this	   thesis,	   and	   calculations	   of	   energy	   transfer	   in	   the	   PSII	   core	  were	   not	   attempted.	   For	   a	   qualitative	   discussion,	   the	   key	   aspect	   is	   that	   the	  temperature	   dependence	   of	   resonance	   energy	   transfer	   is	   driven	   by	   changing	  overlap	   between	   absorption	   and	   emission	   profiles	   of	   the	   acceptor	   and	   donor	  states.173	   As	   temperature	   increases	   and	   electron-­‐phonon	   (“hot	   band”)	   states	  become	   thermally	   populated,	   the	   absorption	   broadens	   toward	   the	   red	   and	  emission	  toward	  the	  blue.	  Thermal	  energy	  can	  thus	  enable	  energy	  transfer	  from	  a	  lower	  state	  to	  a	  higher	  one,	  as	  expected	  from	  conservation	  of	  energy.	  	  	  Krausz	  et	  al.68	  suggested	  that	  energy	  transfer	  to	  the	  deep	  red	  state	  (DRS)	  in	  the	  reaction	   centre	   was	   faster	   for	   pigments	   at	   shorter	   wavelengths	   across	   the	  spectrum.	  This	  was	  in	  line	  with	  the	  finding	  that	  the	  excited	  state	  lifetime	  in	  the	  QA−	   state	   decreases	   with	   wavelength,	   from	   267	   ps	   at	   691.6	   nm	   to	   73	   ps	   at	  682.9	  nm,	   based	   on	   hole-­‐widths	   across	   this	   wavelength	   range	   in	   spinach	  cores.168	  Although	  plausible,	  it	  is	  not	  clear	  why	  the	  rate	  of	  excitation	  transfer	  to	  a	  state	   much	   lower	   in	   energy	   (~700–730	   nm)	   would	   vary	   so	   strongly	   with	  wavelength,	   or	   why	   states	   at	   686	   nm	   would	   begin	   to	   transfer	   at	   lower	  temperatures	  than	  ones	  at	  690	  nm	  (bottom	  right	  of	  Figure	  6.4).	  	  	  Andrizhiyevskaya	  et	  al.69	  assigned	  the	  emission	  in	  the	  686–690	  nm	  wavelength	  range	  to	  the	  blue	  side	  of	  the	  distribution	  of	  the	  “690	  nm	  chlorophyll”	  of	  CP47	  (in	  agreement	   with	   Krausz	   et	   al.),	   but	   concluded	   that	   the	   rapid	   decrease	   with	  temperature	   occurs	   because	   thermal	   energy	   enables	   “uphill”	   energy	   transfer	  from	  antenna	   states	   around	  685	  nm	   to	   reaction	   centre	   states	   around	  684	  nm.	  However	   temperature-­‐dependent	   fluorescence	   anisotropy	   measurements	  suggest	  that	  the	  ~688	  nm	  and	  693	  nm	  bands	  have	  different	  origins,174	  and	  this	  approach	   neglects	   the	   clear	   evidence	   of	   energy	   transfer	   to	   the	   deep	   red	   state	  (DRS).18	   Shibata	   et	   al.46	   made	   a	   very	   different	   assignment	   of	   the	   emission	  spectrum	   and	   its	   temperature	   dependence,	   however	   their	   5	   K	   emission	  spectrum	   was	   very	   different	   to	   those	   in	   Figure	   6.4.	   This	   is	   due	   to	   intense	  illumination	  utilised	  in	  those	  experiments	  as	  shown	  in	  section	  6.3.2.	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In	  Chapters	  4	  and	  5,	   the	  broad	  A	   state	  of	  CP43	  and	   the	   second	   lowest	   state	  of	  CP47	  were	  both	  identified	  as	  emitting	  in	  the	  685–690	  nm	  range	  in	  the	  isolated	  complexes	   (Figures	   4.7	   and	   5.12).	   Both	   of	   these	   states	   were	   assigned	   to	  pigments	  that	  are	  close	  to	  the	  reaction	  centre,	  Chl	  631	  and	  Chl	  622	  respectively.	  The	  location	  of	  these	  “linker”	  pigments	  is	  more	  favourable	  for	  energy	  transfer	  to	  the	   reaction	   centre	   than	   that	   of	   Chl	   612,	  which	  was	   assigned	   to	   the	   red-­‐most	  state	   of	   CP47	   and	   which	   dominates	   at	   >690	   nm.	   The	   location	   of	   the	   shorter-­‐wavelength	   pigments	   closer	   to	   the	   reaction	   centre	   provides	   a	   possible	  explanation	   for	   the	   observed	   reduction	   in	   lifetime	   at	   these	   wavelengths;	   they	  will	  transfer	  more	  rapidly	  to	  the	  DRS	  as	  postulated	  by	  Krausz	  et	  al.	  However	  the	  dramatic,	   wavelength-­‐dependent	   decrease	   in	   emission	   with	   temperature	   still	  requires	   explaining,	   and	   is	   more	   consistent	   with	   the	   uphill	   energy	   transfer	  hypothesis	   of	   Andrizhiyevskaya	   et	   al.	   This	   is	   especially	   true	   since	   the	   lowest	  
exciton	   state	   in	   the	   native	   RC	   absorbs	   at	   slightly	   higher	   energies	   to	   those	  assigned	   for	   the	   linker	   states17,163	   (Figure	   6.3),	   so	   a	   small	   increase	   in	   thermal	  energy	  could	  enable	  energy	  transfer	  between	  them.	  	  The	  most	   likely	  scenario	  seems	  to	  be	  that	  both	  the	  above	  transfer	  mechanisms	  occur,	  that	  is,	  both	  the	  DRS	  and	  the	  excitonic	  states	  of	  the	  native	  reaction	  centre	  can	   accept	   excitation	   energy	   from	   the	   antennas.	   Energy	   transfer	   to	   the	  DRS	   is	  clearly	  possible	  from	  all	  antenna	  states	  when	  QA	  is	  oxidised,	  and	  likely	  also	  when	  it	   is	   reduced.	   The	   rate	   of	   this	   transfer	   may	   be	   faster	   for	   the	   linker	   pigments	  (which	   emit	   at	   shorter	   wavelengths)	   because	   they	   are	   closer	   to	   the	   RC.	   It	   is	  plausible	  that	  the	  rate	  of	  transfer	  to	  the	  DRS	  increases	  rapidly	  with	  temperature	  in	   the	  5–25	  K	  range.	  This	  could	  explain	   the	  strong	   temperature-­‐dependence	  of	  emission,	  however	  this	  dependence	  is	  evident	  only	  in	  the	  685–690	  nm	  and	  not	  by	  F695,	  which	  transfers	  to	  the	  same	  state.	  	  	  A	   likely	   explanation	   for	   the	   extreme	   temperature	   dependence	   in	   the	   685–690	  nm	  range	  is	  that	  energy	  transfer	  is	  rapid	  from	  linker	  antenna	  states	  to	  the	  lowest	  
exciton	  states	  in	  the	  native	  RC.	  The	  latter	  states	  have	  far	  narrower	  homogeneous	  linewidths	   than	   the	  DRS,	   and	   their	   inhomogeneous	  distribution	   likely	  overlaps	  those	  of	   the	   linkers,	  although	  peaking	  slightly	  higher	   in	  energy.	  They	  also	  have	  much	   larger	  dipole	  strength	   than	  the	  DRS,	  so	  energy	  transfer	   to	   these	  states	   is	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potentially	   faster.	  However	   since	   the	   energy	   transfer	   rate	  depends	  on	   spectral	  overlap,	  it	  will	  be	  extremely	  slow	  at	  5	  K	  in	  centres	  where	  the	  energy	  donor	  (the	  linker	  state)	  is	  lower	  in	  energy	  than	  the	  acceptor	  (the	  RC).	  The	  inhomogeneous	  distributions	  of	  the	  linker	  and	  native	  RC	  exciton	  states	  overlap	  and	  are	  assumed	  uncorrelated.	   This	   means	   that	   in	   some	   centres	   the	   linker	   state	   is	   higher,	   so	  energy	   transfer	   is	   activationless	   and	  would	   proceed	   even	   at	   0	   K;	   this	   is	  more	  likely	  for	  the	  blue-­‐most	  linker	  pigments	  at	  <685	  nm.	  In	  other	  centres	  the	  linker	  will	  be	  very	  slightly	  lower,	  so	  that	  even	  a	  small	  temperature	  increase	  (e.g.	  5	  K)	  introduces	   sufficient	   spectral	   broadening	   via	   ‘hot	   band’	   intensity	   to	   enable	  energy	   transfer	   to	   outcompete	   fluorescence.	   In	   still	   other	   centres,	   a	   larger	  increase	   in	   temperature	   (10–30	   K)	   is	   required	   to	   deactivate	   the	   fluorescence.	  	  This	   is	   more	   likely	   when	   the	   emitting	   linker	   states	   are	   further	   to	   the	   red,	   as	  observed	  in	  the	  difference	  spectra	  in	  Figure	  6.4.	  	  	  	  If	   the	   lowest	   excitonic	   reaction	   centres	   state	   absorb	   around	   682–686	   nm	   (as	  suggested	  in	  Figure	  6.3	  and	  elsewhere,17,163)	  then	  antenna	  states	  emitting	  above	  this	  energy	  have	  activationless	  energy	  transfer	  pathways	  to	  both	  the	  DRS	  or	  the	  exciton	   states.	   If	   the	   combination	   of	   these	   pathways	   strongly	   outcompetes	  fluorescence,	   then	  such	  antenna	  states	  may	  not	  appear	   in	   the	   low	  temperature	  fluorescence	  spectrum.	  The	  main	  683	  nm	  band	  of	  CP43	  emission	  (Figure	  4.7)	  is	  indeed	  barely	  evident	  at	  5	  K,	  although	  the	  tail	  of	  this	  spectrum	  beyond	  685	  nm	  may	  still	  contribute	  to	  the	  PSII	  spectrum.	  Since	  the	  emission	  of	  intact	  CP47	  at	  2	  K	  is	  almost	  entirely	  beyond	  685	  nm	  (Figure	  5.11)	  the	  fluorescence	  of	  this	  complex	  will	  be	  only	  slightly	  ‘cut	  off’	  by	  RC	  quenching.	  The	  ‘linker’	  antenna	  states	  around	  685–690	  nm	  of	  CP43	  and	  CP47	  then	  constitute	  the	  F689	  band;	  their	  emission	  is	  extremely	   temperature-­‐sensitive	   even	   at	   5	   K	   because	   they	   are	   only	   slightly	  below	   the	   excitonic	   RC	   states	   in	   energy,	   so	   even	   a	   small	   amount	   of	   thermal	  energy	  enables	  energy	  transfer	  to	  these	  states.	  	  The	   spinach	   PSII	   core	   spectra	   from	   Figure	   6.4	   can	   be	   compared	   with	   similar	  spectra	  measured	  by	  Andrizhiyevskaya	  et	  al.	  on	  CP47-­‐RC	  complexes,	  which	  lack	  CP43.69	   The	   CP47-­‐RC	   spectrum	   at	   4	   K	   peaked	   at	   691	   nm	   and	   the	   emission	   at	  685–687	  nm	  is	  slightly	  weaker	  than	  the	  spinach	  core	  spectrum.	  The	  comparison	  supports	  the	  view	  that	  F689	  band	  arises	  from	  both	  CP43	  and	  CP47,	  although	  it	  is	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demonstrated	   in	   the	  next	   section	   that	   the	  relative	  band	   intensities	  can	  depend	  on	  both	  photochemical	  and	  photophysical	  processes,	  so	  great	  care	  must	  be	  taken	  in	  comparisons	  between	  different	  photo-­‐active	  preparations.	  	  	  Emission	   from	   the	   CP47	   band	   at	   ~692	   nm	   is	   also	   much	   more	   temperature-­‐sensitive	   in	   cores	   than	   in	   the	   isolated	   antenna	   (Figure	   5.9),	   but	   only	   at	  temperatures	  above	  ~25	  K.	  At	  this	  temperature	  the	  thermal	  energy	  is	  17.4	  cm–1,	  corresponding	   to	   nearly	   1	   nm,	  which	  will	   begin	   to	   enable	   thermal	   population	  from	  lowest	  states	  at	  ~691	  nm	  of	  linker	  states	  around	  687	  nm;	  these	  can	  in	  turn	  transfer	   to	   the	   reaction	   centre	   at	   this	   temperature.	   As	   temperature	   increases,	  only	   the	   red-­‐most	   states	   of	   the	   692	   nm	   band	   cannot	   transfer	   to	   the	   reaction	  centre	   via	   their	   linker,	   and	   the	   result	   is	   the	   well-­‐known	   F695	   band	   at	   77	   K.	  Transfer	  to	  the	  DRS	  likely	  also	  contributes	  to	  the	  temperature	  dependence	  of	  all	  emission	  bands.	  	  	  It	  might	   be	   suggested	   as	   an	   alternative	   explanation	   that	   the	   688	   nm	   emission	  arises	  from	  the	  reaction	  centre,	  and	  decreases	  rapidly	  with	  temperature	  due	  to	  changing	   rates	   of	   non-­‐radiative	   trapping	   or	   decay	   processes.	   The	   fact	   that	   the	  emission	  decrease	  depends	  on	   transition	  energy,	  occurring	  on	   the	  blue	   side	  at	  the	   lowest	   temperature	   and	   shifting	   red	   at	   higher	   temperatures	   (Figure	   6.4)	  argues	  against	  this	  interpretation,	  and	  strongly	  supports	  the	  thermally-­‐activated	  energy	   transfer	  hypothesis.	   In	  section	  6.4	   it	   is	   shown	   that	   the	  CPL	   in	   the	  685–690	  nm	  region	  is	  also	  consistent	  with	  emission	  arising	  from	  the	  antenna	  states.	  	  In	  the	  work	  of	  Neupane	  et	  al.67	  and	  Acharya	  et	  al.175	  it	  was	  assumed	  that	  CP47	  in	  PSII	   cores	   contributes	   one	   emission	   band	   which	   peaks	   at	   695	   nm	   at	   all	  temperatures	   below	   ~150	   K;	   the	   same	   as	   the	   band	   observed	   in	   their	  preparations	  of	   isolated	  CP47.	  That	  preparation	   could	  not	  be	   reproduced	  here	  (Section	  5.2).	  The	  authors	  suggested	  that	  some	  emission	  below	  690	  nm	  in	  PSII	  cores	   was	   due	   to	   complexes	   whose	   emission	   is	   blue-­‐shifted	   due	   to	  destabilisation	   and/or	   non-­‐resonant	   hole-­‐burning	   (NRHB),	   and	   that	   the	   rapid	  red-­‐shift	  upon	  increasing	  temperature	  may	  be	  due	  to	  a	  reversal	  of	  NRHB.	  This	  is	  observed	  in	  isolated	  CP47	  (Figure	  5.5)	  but	  requires	  2	  K	  illumination	  on	  the	  order	  of	  at	  least	  10–100	  J/cm2.	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The	  total	  illumination	  of	  all	  17	  spectra	  in	  each	  series	  of	  Figure	  6.4	  was	  0.5	  J/cm2;	  total	   illumination	  at	  temperatures	  below	  40	  K	  (above	  which	  the	  NRHB	  process	  reverses	  rapidly)	  was	  about	  0.2	  J/cm2.	  In	  all	  samples,	  the	  results	  were	  the	  same	  whether	   the	   measurements	   were	   taken	   first	   at	   5	   K	   then	   increasing	   the	  temperature,	   or	   first	   at	   120	   K	   and	   decreasing.	   The	   T.	   vulcanus	   spectra	   in	  Figure	  6.4	  were	  in	  fact	  measured	  in	  the	  order	  5,	  15,	  25	  …	  115,	  120,	  110,	  100,	  …	  20,	   10	   K.	   	   The	   5	   K	   spectrum	  was	   then	   repeated	   and	  was	   identical	   to	   the	   first	  measurement	   at	   that	   temperature.	   The	   688	   nm	   emission	   band	   and	   its	  temperature	  dependence	  are	  thus	  highly	  robust	  and	  clearly	  do	  not	  arise	  due	  to	  photophysical	  NRHB	  processes.	  The	  relative	  intensities	  of	  the	  688	  nm	  band	  in	  the	  spinach	  and	  T.	  vulcanus	   preparations	   in	  Figure	  6.4	  are	  distinctly	  different.	  The	  relative	   intensity	   (but	   not	   the	   temperature	   dependence)	   of	   this	   band	   does	  depend	  on	  sample	  illumination	  and	  this	  is	  discussed	  in	  the	  next	  section.	  	  	  
6.3	   Influence	  of	  the	  Reaction	  Centre	  on	  PSII	  Emission.	  
	   	  2:	  	  Effects	  of	  illumination	  on	  fluorescence	  	  In	  the	  two	  previous	  chapters,	  the	  possibility	  of	  illumination-­‐induced	  changes	  to	  fluorescence	   spectra	   was	   emphasised,	   because	   measurement	   of	   CPL	   spectra	  with	   useful	   signal-­‐to-­‐noise	   required	   significant	   amounts	   (at	   least	   60	   J/cm2)	   of	  incident	   light.	  This	   illumination	  has	  significant	  effects	  on	  CP47	  emission	  at	   low	  temperature	   due	   to	   non-­‐resonant	   hole-­‐burning	   (NRHB)	   processes,	   although	  these	   reverse	   rapidly	   above	   ~40	   K.	   In	   PSII	   cores,	   the	   potential	   effect	   of	  illumination	  is	  greatly	  increased,	  because	  photochemical	  processes	  (specifically,	  stable	   electron	   transfers	   leading	   to	   formation	   of	   ‘secondary	   donor’	   cations)	  occur	  at	   far	  higher	  yield	   than	  photophysical	  processes67,108	   and	   can	  have	   large	  effects	   on	   fluorescence.164	   Under	   current	   experimental	   conditions,	   the	   main	  effect	   is	   expected	   to	   be	   fluorescence	   quenching	   caused	   by	   chlorophyll	   and	  carotene	   cations,	   which	   have	   low-­‐energy	   excited	   states	   that	   are	   non-­‐emissive	  and	  accessible	  via	  energy	  transfer.164,169	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6.3.1.	  	  	  Effect	  of	  weak	  illumination:	  Photochemistry	  
	  In	   PSII	   from	   T.	   vulcanus,	   a	   significant	   change	   in	   fluorescence	   intensity	   and	  overall	   shape	   was	   consistently	   observed	   upon	   illumination,	   as	   shown	   in	  Figure	  6.5.	   The	   figure	   shows	   2	   K	   fluorescence	   spectra,	   measured	   with	   low	  excitation	  levels	  (0.2	  mW/cm2,	  corresponding	  to	  1–2	  absorbed	  photons	  per	  PSII	  per	   second)	   and	   illuminated	   between	   scans	   with	   a	   higher	   excitation	   level	  (70	  mW/cm2,	   ~400	   photons/PSII/second).	   The	   initial	   emission	   increase	   (left	  panel)	  is	  due	  to	  photochemistry	  as	  discussed	  below.	  Similar	  effects	  were	  seen	  in	  spinach	  but	  were	  less	  reproducible	  and	  reversed	  more	  rapidly.	  It	  will	  be	  argued	  in	  this	  section	  that	  the	  formation	  of	  stable	  secondary	  electron	  donors	  is	  likely	  to	  play	   a	   significant	   role	   in	   the	   observed	   low-­‐temperature	   fluorescence	   of	   PSII	  cores.	  The	  cytochrome	  cyt	  b559	  is	  generally	  available	  as	  the	  final	  electron	  donor	  in	  T.	  vulcanus,	  but	  not	  in	  spinach	  core	  complexes,176	  and	  the	  rates	  of	  secondary	  donor	   formation	   and	   recombination	   are	   more	   dispersive	   in	   spinach	   than	   in	  cyanobacteria.177	  This	  behaviour	  is	  the	  suggested	  cause	  of	  the	  lower	  stability	  and	  consistency	  of	  the	  spinach	  core	  fluorescence	  spectra.	  	  
	  







































A	   37%	   increase	   in	   total	   fluorescence	   intensity	   was	   observed	   upon	   a	   total	   of	  70	  seconds	  illumination	  with	  the	  70	  mW	  beam	  at	  2	  K,	  between	  0.1	  and	  5.1	  J/cm2	  total	  fluence.	  Such	  a	  large	  increase	  is	  certainly	  due	  to	  photochemical	  processes.	  It	  should	  be	  noted	  that	  reduction	  of	  the	  primary	  electron	  acceptor	  QA	  (“closing”	  of	  the	  reaction	  centre)	  is	  a	  very	  efficient	  process,	  long	  known	  to	  greatly	  increase	  PSII	   fluorescence	   including	   at	   low	   temperature—Murata	   et	   al.	   observed	   a	   fast	  fluorescence	  increase	  in	  the	  first	  few	  seconds	  of	  illumination	  at	  77	  K,	  followed	  by	  a	   long,	   slow	   increase.178	   Before	   the	   first	   spectrum	   (0.1	   J	   in	   Figure	   6.5),	   the	  sample	  was	  pre-­‐illuminated	  for	  6	  minutes	  with	  the	  0.2	  mW	  excitation	  beam,	  to	  ensure	  that	  the	  excitation	   light	  (90	  seconds/spectrum)	  did	  not	  represent	  all	  or	  most	  of	  the	  illumination	  received	  by	  the	  sample;	  the	  illumination	  ensures	  near-­‐quantitative	   reduction	   of	   QA	   before	   the	   first	   emission	   spectrum	   is	   taken	   (see	  below).	   The	   emission	   increase	   between	   0.1–5.1	   J/cm2	   therefore	   likely	  corresponds	  to	  the	  second,	  slow	  phase	  of	  fluorescence	  increase	  seen	  by	  Murata	  et	  al.	  As	  discussed	  earlier,	  photochemical	  processes	  other	  than	  QA	  reduction	  can	  alter	   the	   fluorescence	   yield,	   either	   by	   affecting	   energy	   transfer	   to	   the	   reaction	  centre,	  or	  by	  generating	  (or	  removing)	  species	  that	  directly	  quench	  fluorescence,	  such	  as	  chlorophyll	  or	  carotene	  radical	  cations.	  	  	  To	  investigate	  the	  effects	  of	  photochemical	  processes	  on	  energy	  transfer	  to	  the	  reaction	   centre	   would	   require	   additional	   measurements	   and	   modelling;	   such	  effects	   cannot	   be	   ruled	   out	   but	   are	   not	   further	   discussed	   here.	   Below,	   a	   brief	  argument	  is	  given	  that	  the	  emission	  increase	  shown	  on	  the	  left	  side	  of	  Figure	  6.5	  can	  be	  explained	  in	  terms	  of	  quenching	  centres,	  with	  reference	  to	  the	  large	  and	  complex	  body	  of	   literature	  on	   low-­‐temperature	  photochemistry	   in	  PSII	   (which	  was	  reviewed	  recently176),	  and	  to	  the	  cofactors	  shown	  in	  Figure	  6.1.	  	  The	   pre-­‐illumination	   mentioned	   above	   corresponds	   to	   about	   500	   photons	  absorbed	  per	  PSII	  core.	  The	  study	  of	  Hughes	  et	  al.108	  on	  the	  stable	  formation	  of	  	  QA−/D+	  (D	  is	  any	  electron	  donor)	  at	  8	  K	  in	  T.	  elongatus,	  (which	  is	  nearly	  identical	  to	   T.	   vulcanus)	   found	   that	   this	   amount	   of	   illumination	   caused	   stable	   QA−	  generation	   in	   about	   90%	   of	   centres;	   thus	   probably	   >90%	   of	   centres	   have	   QA	  reduced	  in	  the	  0.1	  J	  spectrum	  of	  Figure	  6.5.	  An	  additional	  5	  J/cm2	  of	  illumination	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will	  reduce	  most	  of	  the	  final	  5–10%	  of	  centres,	  but	  this	  alone	  cannot	  account	  for	  the	  37%	  fluorescence	  increase	  shown	  in	  the	  figure.	  	  	  Instead	  it	  seems	  likely	  that	  the	  initial	  illumination	  generates,	  in	  a	  proportion	  of	  centres,	   secondary	   donor	   cations	   that	   strongly	   quench	   fluorescence.	   This	  proportion	   then	   decreases	   under	   ongoing	   illumination.	   Hughes	   et	   al.	   reported	  that	  for	  up	  to	  1000	  photons/PSII,	  the	  donor	  was	  chlorophyll	  or	  β-­‐carotene	  (most	  likely	  CarD2)176	  in	  about	  35%	  of	  centres.	  Cyt	  b559	  was	  the	  donor	  in	  an	  additional	  ~25%	  of	  centres;	   in	   the	  remaining	  ~45%	  of	  centres	   in	  which	  QA	  was	  reduced,	  the	   donor	   was	   an	   optically	   ‘dark’	   species	   which	   recombined	   quite	   rapidly	  (minutes	   timescale),	   likely	   to	   be	   a	   tyrosine.	   Chl+	   and	   Car+	   are	   well	   known	   to	  quench	   fluorescence	   in	   PSII,164,177	   but	   the	   oxidation	   state	   of	   Cyt	   b559	  does	   not	  affect	  fluorescence.164	  	  	  	  The	  relative	  yields	  of	  stable	  secondary	  donor	  formation	  are	  highly	  dependent	  on	  organism,	  temperature	  and	  sample	  treatment,	  and	  to	  my	  knowledge	  there	  is	  no	  study	  into	  the	  kinetics	  of	  secondary	  donor	  formation	  in	  comparable	  samples	  at	  helium	   temperature	   with	   ongoing	   illumination	   (i.e.	   beyond	   1000	   absorbed	  photons	   per	   PSII;	   an	   incident	   fluence	   of	   5.1	   J/cm2	   corresponds	   to	   >30,000	  absorbed	  photons	  per	  centre).	  It	  is	  known,	  however,	  that	  Cyt	  b559	  can	  oxidise	  the	  D2	   carotene	   radical	   cation	  when	   the	   temperature	   is	   20	  K;176,179	   using	   this	   and	  the	   results	   of	   Hughes	   et	   al.108	   a	   plausible	   hypothesis	   is	   offered	   below	   for	   the	  fluorescence	  increase	  in	  Figure	  6.5.	  	  	  After	  0.1	  J	  illumination,	  QA	  reduction	  is	  near	  complete	  and	  ~40%	  of	  centres	  have	  their	  fluorescence	  quenched,	  most	  by	  chlorophyll	  or	  carotene	  radicals	  (efficient	  quenching	  by	  a	  small	  fraction	  of	  open	  reaction	  centres	  is	  also	  possible).	  During	  illumination	  up	  to	  5.1	  J/cm2	  most	  of	  these	  “quenching	  donors”	  were	  replaced	  by	  the	  non-­‐quenching	  Cyt	  b559,	  resulting	  in	  higher	  fluorescence	  intensity.	  	  	  Under	   this	  ongoing	   illumination,	   the	   repeated	  generation	  of	   transient	  P680+	   in	  the	   presence	   of	   Car+/Chl+	   may	   facilitate	   the	   oxidation	   of	   Cyt	   b559	   by	   these	  species.	  It	  might	  be	  expected	  that	  this	  oxidation	  would	  also	  occur	  in	  the	  dark,	  but	  when	   the	   5.1	   J/cm2	   spectrum	   was	   repeated	   after	   1	   minute	   in	   the	   dark	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(5.12	  J/cm2),	  the	  fluorescence	  decreased	  slightly.	  This	  can	  be	  explained	  because	  the	  dominant	  kinetic	   in	   the	  dark	  at	  2	  K	   is	   that	  of	  recombination	  of	  an	  optically	  invisible	  donor108,180	  (which	  is	  probably	  a	  tyrosine	  residue,	  and	  unlikely	  to	  affect	  fluorescence).	  Upon	  excitation	  for	  the	  5.12	  J	  spectrum	  (a	  further	  ~100	  absorbed	  photons/centre),	   this	  donor	   is	  partially	  replaced	  by	  Chl+/Car+	  and	  fluorescence	  is	  reduced.	  	  	  The	   above	   discussion	   was	   intended	   to	   give	   an	   appreciation	   of	   some	   of	   the	  processes	  at	  work	  when	  a	  PSII	  sample	  is	  illuminated,	  and	  of	  the	  difficulty	  in	  fully	  characterising	  any	  low-­‐temperature	  sample.	  It	   is	  again	  emphasised	  that	  as	  well	  as	  direct	  quenching,	  the	  “shuffling”	  of	  secondary	  donors	  may	  also	  change	  energy	  transfer	   rates	   to	   the	   RC,	   by	   affecting	   dipole	   intensities	   and	   energies	   of	   the	  various	  states	  involved.	  This	  could	  also	  affect	  fluorescence	  but	  was	  not	  explored	  further	   here.	   The	  main	   purpose	   of	   this	   section	  was	   to	   establish	   the	   effects	   of	  illumination	  on	  PSII	  cores	  under	  the	  experimental	  conditions	  of	  CPL.	  The	  spectra	  corresponding	   to	   these	   conditions	  were	   shown	   on	   the	   right	   side	   of	   Figure	   6.5	  and	  are	  discussed	  in	  section	  6.3.2.	  	  	  	  
6.3.2.	  	  	  Effect	  of	  strong	  illumination:	  Photochemistry	  and	  photophysics	  	  Figure	   6.5	   showed	   that	   the	   overall	   emission	   lineshape	   of	   2	   K	   fluorescence	  changed	  somewhat	  with	  total	   illumination	  between	  0.1	  and	  5.1	  J/cm2,	  with	  the	  emission	  band	  at	  688	  nm	  increasing	  relative	  to	  that	  at	  692	  nm.	  A	  similar	  change	  continued	  upon	  stronger	  illumination	  up	  to	  346	  J/cm2	  (right	  side	  of	  Figure	  6.5).	  Two	  mechanisms	  occur	  that	  may	  both	  change	  the	  lineshape:	  the	  photochemical	  processes	  discussed	  in	  the	  previous	  section	  and	  the	  photophysical	  non-­‐resonant	  hole-­‐burning	  (NRHB)	  process	  seen	  in	  CP47.	  The	  lineshape	  change	  caused	  by	  up	  to	  5.1	  J/cm2	  illumination	  in	  PSII	  cores	  (left	  side	  of	  Figure	  6.5)	  is	  much	  larger	  than	  that	   caused	   by	   similar	   illumination	   in	   CP47	   (Figure	   5.5),	   suggesting	   that	  photochemistry	  does	  play	  a	  role	  in	  determining	  the	  fluorescence	  lineshape.	  This	  is	  confirmed	  in	  Figure	  6.6	  below.	  	  The	  day	  after	  the	  spectra	  in	  Figure	  6.5	  were	  taken,	  the	  temperature	  dependence	  of	   the	   same	   sample	  was	  measured	   down	   to	   5	   K	   (these	   spectra	  were	   given	   in	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section	   6.2.1;	   see	   section	   6.6	   for	   the	   full	   sequence	   of	   sample	   treatment).	   In	  Figure	  6.6,	   the	  5	  K	   spectrum	   from	   this	   series	   is	   compared	  with	   the	  0.1	   J	   (2	  K)	  spectrum	  from	  Figure	  6.5.	  
	  


















  Day 1 (2K)
  Day 1 (scaled)
  Day 2 (5K)
 
 Day 2 - Day 1 (scaled)
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the	   corresponding	   fluorescence	   spectra	   measured	   at	   helium	   temperature,	  information	   could	   be	   gained	   about	   the	   fluorescent	   states	   and	   the	   quenching	  process.	  Such	  analysis	  is	  beyond	  the	  scope	  of	  this	  work.	  	  Regarding	  photophysical	  effects	  on	  PSII	  emission,	  we	  refer	  again	  to	  Figure	  6.5.	  It	  was	  verified	  that	  the	  different	  emission	  profiles	  on	  the	  right	  of	  this	  figure	  were	  not	   inherently	  due	   to	   the	  higher	   intensity	  of	   the	   exciting	   light,	   but	   to	   the	   total	  fluence	  absorbed	  by	  the	  sample	  at	  low	  temperature	  (Appendix	  C,	  Figure	  C7).	  The	  fluorescence	   change	   induced	   between	   5.1	   and	   125	   J/cm2	   (and	   onward	   to	  346	  J/cm2)	  is	  quite	  similar	  to	  that	  seen	  in	  CP47	  under	  similar	  illumination	  levels	  (Figure	  5.5).	  Photophysical	  changes	  have	  also	  been	  observed	   in	   the	  absorption	  spectrum	  of	   PSII	   cores	   by	   Cox	   et	   al.,102	  with	   the	   absorption	   changes	   and	   their	  characteristic	   reversal	   upon	   warming	   being	   very	   similar	   to	   the	   behaviour	   in	  CP47.67	  	  	  Unlike	   in	   CP47,	   the	   total	   emission	   increased	   slightly	   between	   125–346	   J/cm2	  (intensities	   in	   Figure	   6.5	   can	   be	   compared	   between	   spectra	   on	   the	   same	   side,	  LHS	  or	  RHS).	  The	   conclusion	   then	   is	   that	   the	   spectra	  on	   the	  RHS	  of	  Figure	  6.5	  exhibit	  the	  effects	  both	  of	  photochemical	  processes	  (overall	  increase	  in	  emission,	  more	  strongly	  at	  ~687	  nm)	  and	  photophysical	  processes	  (shift	  of	  emission	  from	  ~693	  to	  687	  nm).	  In	  isolated	  CP47,	  an	  increase	  in	  emission	  was	  observed	  even	  at	  682	  nm	  (Figure	  5.5),	  however	  if	  this	  occurs	  in	  a	  PSII	  core	  complex,	  then	  CP47	  within	   that	   complex	   will	   likely	   become	   almost	   non-­‐emissive	   because	   energy	  transfer	  to	  the	  reaction	  centre	  becomes	  enabled	  as	  discussed	  in	  section	  6.2.	  	  The	   spectra	   on	   the	   right	   of	   Figure	   6.5	  were	   taken	   during	   the	   pre-­‐illumination	  and	   measurement	   of	   the	   circular	   polarisation	   of	   luminescence	   (CPL)	   from	  
T.	  vulcanus	   (section	   6.4).	   The	   observation	   of	   the	   changing	   emission	   lineshape	  was	  carried	  out	  concurrently	  with	  the	  CPL	  in	  order	  to	  understand	  the	  extent	  to	  which	   the	   “native”	   PSII	   emission	   was	   disturbed	   by	   low-­‐temperature	  illumination,	   which	   clearly	   turned	   out	   to	   be	   quite	   significant.	   It	   is	   timely	   to	  mention	   two	   recent	   low-­‐temperature	   fluorescence	   studies	   that	   both	   used	  considerably	  higher	   illumination	   levels:	  Brecht	  et	  al.	  measured	  single-­‐molecule	  fluorescence181	   while	   Shibata	   et	   al.46	   performed	   time-­‐resolved	   fluorescence.	  Both	  groups	  reported	  ensemble	  fluorescence	  spectra	  at	  or	  below	  5	  K.	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The	  spectrum	  of	  Brecht	  et	  al.	  reflected	  the	  sum	  of	  emission	  spectra	  from	  single	  complexes	  that	  received	  about	  106	  excitations	  per	  second	  for	  ca.	  180	  seconds	  at	  1.6	  K.	  The	  spectrum	  peaked	  at	  685	  nm	  with	  very	  weak	  shoulders	  at	  689	  and	  692	  nm.	  The	  authors	  suggested	  that	  this	  unusual	  fluorescence	  profile	  arose	  because	  of	   fluorescence	  quenching	  by	  chlorophyll	   and/or	   carotene	   triplet	   states,	  which	  certainly	  were	  present	  under	  their	  excitation	  conditions	  (triplet	  lifetimes	  are	  in	  the	   milliseconds)	   and	   could	   potentially	   affect	   the	   lineshape.	   However,	   the	  excitation	  rate	  also	  ensures	  that	  the	  non-­‐resonant	  hole-­‐burning	  (NRHB)	  process	  will	   be	   very	   rapid—to	   reach	   an	   equivalent	   number	   of	   excitations	   as	   the	  346	  J/cm2	  spectrum	  in	  Figure	  5.5	  would	  take	  about	  2	  seconds.	  This	  suggests	  that	  the	  NRHB	  process,	  which	  was	  not	  discussed	  by	  the	  authors,	  plays	  a	  defining	  role	  in	  the	  observed	  ensemble	  fluorescence	  lineshape	  at	  1.6	  K.	  	  	  In	   the	   work	   of	   Shibata	   et	   al.46	   the	   excitation	   rate	   was	   about	   104	   s–1	   and	   the	  ensemble	  emission	  spectrum	  (5	  K)	  was	  quite	  similar	  to	  the	  346	  J/cm2	  spectrum	  in	  Figure	  5.5.	  This	  spectrum	  was	  used	  by	  the	  authors	  in	  their	  spectral	  modelling	  calculations,	  which	  are	  referred	  to	  frequently	  elsewhere	  in	  this	  thesis.	  To	  model	  fluorescence	  from	  the	  PSII	  core,	  the	  energies	  of	  the	  emitting	  states	  of	  CP43	  were	  assumed	   to	   be	   decreased	   in	   the	   core	   relative	   to	   isolated	   CP43.	   The	   weak	  emission	  at	  693	  nm	  in	  the	  5	  K	  spectrum	  was	  then	  explained	  by	  a	  combination	  of	  much	  larger	  dipole	  strength	  in	  the	  687	  nm	  region	  (due	  in	  part	  to	  the	  red-­‐shift	  of	  CP43	   states)	   and	   very	   slow,	   temperature-­‐dependent	   energy	   transfer	   within	  CP47	  to	  the	  F695	  emitter	  (which	  was	  assigned	  to	  Chl	  627,	  as	  previously	  but	   in	  conflict	  with	  this	  work).	  However,	  NRHB	  effects	  of	  the	  5	  K	  spectrum	  were	  ruled	  out	  on	  the	  grounds	  that	  the	  77	  K	  fluorescence	  spectrum,	  measured	  after	  the	  5	  K	  spectrum,	   showed	   its	   usual	   peak	   near	   695	   nm.	   This	   is	   not	   a	   valid	   argument	  because	   raising	   the	   temperature	   to	   77	   K	   rapidly	   reverses	   the	   blue	   shift	   from	  NRHB	  as	  observed	  in	  this	  work	  and	  by	  Neupane	  et	  al.67	  	  	  It	   remains	   likely	   that	   CP43	   emitters	   do	   vary	   somewhat	   in	   energy	   between	  different	   preparations;	   for	   example	   Boehm	   et	   al.	   observed	   a	   red	   shift	   in	   CP43	  that	  was	  isolated	  from	  the	  Syn.	  6803	  cyanobacterium	  prior	  to	  PSII	  assembly.170	  However	   there	   is	  no	  doubt	   that	   the	  5	  K	   fluorescence	  spectrum	  of	  Shibata	  et	  al.	  was	   strongly	   affected	   by	   NRHB,	   and	   that	   the	   resulting	   blue-­‐shift	   of	   CP47	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emission	  played	  a	   large	  role	   in	  determining	  the	   lineshape.	   It	  was	  assumed	  that	  the	  fluorescence	  spectrum	  at	  5	  K	  represented	  the	  same	  site	  energy	  distributions	  as	  fluorescence	  at	  higher	  temperatures	  and	  also	  the	  absorption	  spectrum.	  Since	  the	   5	   K	   spectrum	   is	   much	   more	   strongly	   affected	   by	   NRHB	   processes	   than	  spectra	  taken	  at	  higher	  temperatures,	  this	  assumption	  is	  not	  accurate.	  Use	  of	  low	  temperature	  spectra	  such	  as	  those	  in	  Figure	  6.6	  is	  more	  appropriate,	  and	  would	  probably	   influence	   the	   conclusions	   regarding	  energy	   transfer	  and	   fluorescence	  in	  PSII.	  	  Very	   recently,	   Chen	   et	   al.	   examined	   various	   fluorescence	   spectra	   of	   PSII	   cores	  and	  concluded	   that	   the	  emission	  at	  687	  nm	   in	   the	  5	  K	  spectrum	  comes	   from	  a	  reaction	   centre	   pigment,	   the	   D1	   pheophytin.70	   This	   pigment	  was	   suggested	   to	  become	  emissive	  when	  ‘decoupled’	  from	  ChlD1	  due	  to	  the	  latter	  pigment	  being	  in	  the	   triplet	   state.	  Given	   that	   the	   triplet	   lifetime	   is	   a	   few	  milliseconds,	  while	   the	  excitation	   rate	   of	   individual	   cores	   in	   steady-­‐state	   fluorescence	   experiments	   is	  typically	  ca.	  1–10	  s–1	  (section	  2.2.4),	  it	  seems	  unlikely	  that	  complexes	  containing	  a	   triplet	   state	   are	   excited	   often	   enough	   to	   contribute	   significantly	   to	   the	  fluorescence	   spectrum,	   as	   already	   discussed	   above.	   Further,	   the	   linear	  polarisation	  of	  the	  687	  nm	  emission	  suggests	  that	  it	  arises	  from	  pigments	  with	  a	  small	   angle	   (<35°)	   to	   the	   membrane	   plane.174	   This	   is	   not	   consistent	   with	   the	  orientation	  of	  pheophytins	  in	  the	  PSII	  core.16	  	  	  The	  assignment	  of	  emission	  from	  the	  native	  reaction	  centre	  in	  PSII	  cores	  is	  also	  inconsistent	   with	   the	   presence	   of	   the	   deep	   red	   state	   of	   those	   complexes	  (section	  6.1),	  which	  has	  been	  demonstrated	  via	  measurements	  of	  absorption165	  fluorescence121	   and	   light-­‐induced	   charge	   separation.18	   The	   assignment	   was	  made	  under	  the	  assumption	  that	  emission	   from	  CP47	   in	  the	  native	  core	  at	   low	  temperature	   peaks	   at	   695	   nm	   and	   is	   very	   weak	   at	   wavelengths	   <690	   nm.67	  Under	  this	  assumption	  it	  is	  indeed	  difficult	  to	  explain	  the	  ~5	  K	  emission	  of	  PSII	  cores	  without	  invoking	  reaction	  centre	  emission	  at	  687	  nm.	  However	  the	  results	  of	   section	   5.2	   suggest	   that	   some	   doubt	   still	   exists	   regarding	   the	   fluorescence	  peak	  of	  “intact”	  CP47.	  Furthermore,	  the	  CPL	  analysis	  in	  the	  next	  section	  suggests	  that	  fluorescence	  of	  PSII	  cores	  can	  be	  well	  described	  in	  terms	  of	  emission	  from	  only	  CP43	  and	  CP47.	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Chen	   et.	   al.70	   also	   suggested	   that	   much	   of	   the	   variability	   evident	   in	   PSII	   core	  fluorescence	   spectra	   arises	   from	   destabilisation	   and/or	   non-­‐resonant	   hole-­‐burning	  of	  the	  low	  energy	  CP47	  states,	  analogous	  to	  that	  seen	  in	  isolated	  CP4767	  (Chapter	   5).	   This	  may	   play	   a	   role,	   however	   no	   consideration	  was	   given	   to	   the	  effect	  of	  secondary	  donor	  cations	  such	  as	  Chl+	  on	  the	  fluorescence	  spectra.	  Based	  on	   the	   results	   and	   discussion	   in	   this	   section,	   it	   seems	   very	   unlikely	   that	   the	  fluorescence	   variability	   of	   PSII	   cores	   can	   be	   adequately	   explained	   without	  careful	  consideration	  of	  these	  effects.	  	  	  
6.3.3.	  	  	  Conclusions	  	  	  It	   is	   clear	   that	   both	   photochemical	   and	   photophysical	   processes	   affect	   the	  lineshape	   of	   the	   PSII	   fluorescence	   spectrum	   at	   the	   lowest	   temperatures.	  Photophysical	   processes	   (NRHB)	   cause	   a	   blue-­‐shift	   of	   the	   red-­‐most	   emission	  peak,	  which	  appears	  at	  693	  nm	  at	  5	  K,	  and	  are	  likely	  to	  become	  noticeable	  when	  low	   temperature	   illumination	   exceeds	   around	  ~10,000	   to	   100,000	   excitations	  per	  centre	  (about	  1–10	  J/cm2	  with	  the	  current	  green	  illumination	  wavelengths.)	  The	   photochemical	   changes	   are	   in	   general	   far	   more	   efficient,	   with	   multiple	  processes	  having	  varying	  quantum	  efficiencies	  in	  the	  region	  of	  0.001	  to	  1.108	  	  	  In	  the	  illumination	  range	  studied	  (0.1–346	  J/cm2	  at	  488	  nm)	  the	  main	  result	  of	  the	  photochemical	  processes	  (observed	  between	  0.1–5.1	  J/cm2)	  is	  an	  increase	  in	  the	  688	  nm	  band	  and	  a	  smaller	  increase	  in	  the	  692	  nm	  band	  (Figure	  6.5)	  which	  does	  not	  decrease	  upon	  warming	  of	  the	  sample	  (Figure	  6.6).	  The	  photophysical	  processes	  (18–346	  J/cm2)	  cause	  a	  blue	  shift	  of	  the	  692	  nm	  band	  which	  reverses	  upon	   annealing,	   as	   seen	   in	   isolated	   CP47.	   It	   is	   hypothesised	   that	   the	  photochemical	  changes	  arise	  due	  to	  the	  replacement	  of	  secondary	  donor	  cations	  that	   quench	   fluorescence	   (Chl+,	   Car+)	   with	   others	   which	   do	   not	   (Cyt	   b559).	  However	   the	   photochemical	   processes	   also	   cause	   changes	   in	   absorption	  energies,102	  which	  may	  also	  affect	  energy	  transfer	  and	  fluorescence.	  The	  changes	  can	   perhaps	   be	   utilised	   in	   conjunction	   with	   other	   methods	   (EPR,	   NIR,	   and	  absorption	   difference	   measurements)	   to	   provide	   a	   further	   window	   into	   the	  emitting	  states	  in	  the	  PSII	  core.	  In	  any	  case,	  when	  analysing	  experimental	  data	  of	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PSII	   cores,	   the	   illumination	   history	   of	   the	   samples	   clearly	   should	   not	   be	  neglected.	  	  	  
	  
	  
6.4	   CD	  and	  CPL	  of	  PSII	  Core	  Complexes	  	  
6.4.1.	  	  	  Long-­‐wavelength	  absorption	  and	  CD	  of	  PSII	  cores	  	  In	  this	  section	  the	  CD	  of	  the	  emitting	  states	  of	  PSII	  core	  samples	  is	  examined,	  and	  their	   similarity	   or	   otherwise	  with	   that	   of	   isolated	   antenna	   states	   is	   discussed.	  	  The	   absorption	   and	  CD	   spectra	   of	   PSII	   cores	   from	  T.	  vulcanus	   and	   spinach	   are	  presented	   in	   Figure	  6.7.	   These	   spectra	   are	   of	   the	   same	   samples	  were	  used	   for	  CPL	  spectroscopy.	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the	   weak	   CD	   beyond	   690	   nm.146	   The	   absorption	   and	   CD	   of	   the	   concentrated	  samples	  was	  measured	  beyond	  680	  nm,	  and	  is	  shown	  below.	  
	  
Figure	  6.8:	  	  Absorption	  and	  CD	  of	  concentrated	  PSII	  core	  samples	  from	  T.	  vulcanus	  and	  spinach.	  The	  dotted	  lines	  correspond	  to	  appropriately	  scaled	  Gaussians	  obtained	  for	  absorption	  and	  CD	  of	  the	  lowest	  state	  in	  isolated	  CP47	  (Figure	  5.11).	  The	  T.	  vulcanus	  spectra	  have	  been	  corrected	  for	  a	  small	   PSI	   contamination	   (Appendix,	   Figure	   C8).	   All	   spectra	   are	   un-­‐smoothed;	   the	   T.	  vulcanus	  sample	  was	  more	  concentrated.	  	  	  	  The	  T.	  vulcanus	   sample	  was	   taken	   from	  a	  preparation	   that	  has	  been	   shown	  by	  fluorescence	   measurements	   to	   contain	   a	   small	   amount	   of	   PSI	   (~2%	   by	   Chl	  content).166	   The	   PSI	   contamination	   is	   also	   visible	   in	   CD	   spectroscopy,	   and	   the	  







































and	   CP47	   is	   negative	   in	   this	   region,	   suggesting	   a	   substantial	   positive	   CD	  contribution	  that	  occurs	  only	  in	  the	  core	  sample;	  the	  shape	  of	  this	  contribution	  is	  apparent	   in	   the	   difference	   CD	   difference	   spectrum	   of	   Figure	   6.3.	   Although	   the	  current	  CD	  data	   are	  noisy,	   this	   feature	  has	  been	  observed	   in	  multiple	   samples	  previously	   and	   has	   been	   reported	   at	   various	   intensities:	   strong	   in	   PSII	  membrane	   preparations,104	   variable	   in	   different	   higher-­‐plant	   PSII	   core	  preparations,146	   absent	   in	   PSII	   from	   cyanobacteria146	   (Figure	   6.8)	   and	   also	  absent	  in	  isolated	  CP47	  (Figure	  5.7).	  	  	  These	   results	   suggest	   that	   the	   positive	   CD	   feature	  may	   be	   associated	  with	   the	  presence	  of	  distal	  antennas	  (“minor”	  light-­‐harvesting	  complexes	  or	  LHCs).	  These	  can	  be	  identified	  by	  their	  characteristic	  absorption	  peak	  due	  to	  chlorophyll	  b	  at	  650	  nm,	  which	   is	  weak	  but	  detectable	   in	   this	   sample	   (Appendix	  C,	   Figure	  C9).	  Biochemical	   analysis	   and	   CD	   of	   similar	   spinach	   core	   preparations55	   has	  suggested	  that	  the	  specific	  LHC	  protein	  involved	  is	  CP29.	  However	  isolated	  CP29	  does	  not	  absorb	  significantly	  at	  2	  K	  beyond	  685	  nm;	  its	  fluorescence	  peak	  is	  at	  680	   nm.183	   During	   this	  work	   it	  was	   observed	   (but	   not	   studied	   systematically)	  that	   as	   spinach	   PSII	   core	   samples	   become	   more	   “well	   used”	   and	   undergo	  multiple	  freeze-­‐thaw	  cycles,	  the	  687	  nm	  CD	  feature	  decreases	  and	  the	  emission	  band	   at	   680	   nm	   increases.	   (The	   dilute	   PSII	   sample	   of	   Figure	   6.7,	   for	   example,	  was	   prepared	   about	   1	  month	   after	   the	   concentrated	   preparation	   of	   Figure	   6.8	  and	   has	   slightly	   more	   negative	   CD	   at	   685	   nm.	   The	   680	   nm	   fluorescence	  intensities	   of	   the	   two	   samples	   were	   not	   reliably	   comparable	   due	   to	   large	  reabsorption	  effects	  in	  the	  concentrated	  sample.)	  	  It	  is	  plausible	  that	  this	  positive	  CD	  feature	  in	  plants	  at	  ~685	  nm	  arises	  due	  to	  an	  interaction	   between	   CP29	   and	   the	   PSII	   core.	   The	   association	   may	   become	  disrupted	   over	   time	   in	   the	   liquid	   phase	   due	   to	   the	   detergent	   environment,	  resulting	   in	   loss	   of	   the	   CD	   signal	   and	   increase	   in	   680	   nm	   fluorescence	   of	   the	  isolated	  CP29,	  which	  can	  no	  longer	  transfer	  energy	  to	  the	  core.	  The	  binding	  site	  between	   CP29	   and	   the	   PSII	   core	   is	   CP47,	   and	   a	   likely	   site	   for	   energy	   transfer	  contact	  between	  the	   two	   is	  Chl	  612,12	  which	  has	  been	  assigned	  as	  F695	   in	   this	  work.	  The	  possible	  importance	  of	  this	  observation	  is	  discussed	  in	  Section	  6.5.	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6.4.2.	  	  	  Circularly	  polarised	  luminescence	  of	  PSII	  cores	  	  The	   emission	   and	   CPL	   spectra	   of	   PSII	   cores	   between	   2	   K	   and	   120	   K	   are	  presented	  below	  for	  T.	  vulcanus	  (Figure	  6.9)	  and	  spinach	  (Figure	  6.10).	  	  
	  












































































at	   low	   temperature	  and	  moving	   to	  695	  nm	  at	  80	  K	  as	   it	  did	   in	  Figure	  6.4.	  The	  negative	   CPL	   at	   685–690	   nm	   is	   characteristic	   of	   both	   the	   CP43	   and	   CP47	  emission	  at	  this	  wavelength,	  making	  it	  difficult	  to	  assign	  this	  emission.	  However	  the	  ΔI/I	  ratio	  at	  2	  K	  is	  about	  –9×10–3	  at	  682–683	  nm,	  suggesting	  some	  emission	  from	  the	  narrow	  ‘B’	  state	  at	  the	  same	  wavelengths	  as	  seen	  in	  isolated	  CP43.	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emission	  from	  spinach	  samples	  was	  consistently	   found	  to	  be	   lower	  (by	  ~50%)	  than	  T.	  vulcanus	  samples	  under	  similar	  conditions.	  	  	  	  The	  decreased	  intensity	  may	  be	  explained	  by	  the	  unavailability	  of	  cyt	  b559	  as	  an	  electron	   donor	   in	   spinach	   core	   samples,104	   which	   means	   that	   yield	   of	   other	  secondary	  donors	   (which	  may	  quench	   fluorescence)	  will	   be	  higher.	   This	   could	  also	   be	   the	   cause	   of	   the	   lineshape	   difference	   for	   reasons	   discussed	   in	   section	  6.3.3.	  The	  lower	  absorbed	  fluence	  of	  the	  spinach	  sample	  also	  means	  that	  the	  blue	  shift	  from	  NRHB	  of	  the	  693	  nm	  CP47	  states	  may	  be	  slightly	  smaller.	  The	  different	  lineshapes	  may	  also	  be	  due	  to	  differences	  in	  the	  initial	  site	  energy	  distributions	  of	  the	  emitting	  states	  of	  the	  two	  samples,	  which	  could	  arise	  from	  the	  preparation	  procedures	  or	  variation	  between	  the	  organisms	  themselves.	  	  The	  spinach	  spectra	  also	  feature	  emission	  at	  680	  nm	  which	  arises	  from	  a	  small	  contamination	   of	   detached	  minor	   light-­‐harvesting	   antennas.	   The	   emission	   and	  CPL	   of	   these	   complexes	   was	   estimated	   using	   an	   available	   PSII	   membrane	  preparation	  (see	  Appendix	  C,	  Figure	  C10)	  and	  this	  contribution	  was	  subtracted	  before	  analysing	  the	  2	  K	  spectra	  in	  the	  next	  section.	  	  
6.4.3.	  	  	  Gaussian	  fitting	  of	  PSII	  core	  fluorescence	  and	  CPL	  	  A	  Gaussian	  breakdown	  of	  the	  emission	  and	  CPL	  spectra	  of	  PSII	  cores	  at	  2	  K	  was	  performed	  in	  a	  similar	  manner	  as	  for	  previous	  chapters	  on	  the	  isolated	  antenna	  complexes.	   The	   same	   anisotropy	   (ΔI/I)	   values	  were	   used	   as	   for	   the	   CP43	   and	  CP47	   emitting	   states,	   (Tables	   4.1	   and	   5.1)	   and	   only	   small	   changes	   to	   the	  lineshapes	  were	  needed	  to	  achieve	  good	  fits.	  It	  was	  assumed	  that	  in	  PSII	  cores	  at	  2	   K,	   energy	   transfer	   between	   CP43	   and	   CP47	   does	   not	   occur.	   Transfer	   from	  either	  antenna	   to	   the	   intact	   reaction	  centre	   (RC)	  was	  allowed,	   and	   the	  RC	  was	  taken	  to	  be	  non-­‐emissive	  in	  the	  wavelength	  range	  of	  interest	  (section	  6.1.2).	  The	  emission	   from	   CP43	   and	   CP47	   were	   thus	   simulated	   individually	   using	  equation	  1.16	  with	   an	   additional	   band	   representing	   the	   reaction	   centre,	  which	  was	  given	  zero	  emission	  efficiency	  (F1	  =	  0).	  The	  resulting	  CP43/RC	  and	  CP47/RC	  spectra	  were	  then	  added	  to	  give	  the	  simulated	  PSII	  core	  emission	  spectra.	  This	  modelling	  simulates	  the	  situation	  where	  excited	  states	  on	  CP43	  and	  CP47	  cannot	  
	  176	  
transfer	  energy	  to	  each	  other,	  but	  can	  transfer	  rapidly	  to	  exciton	  states	  in	  the	  RC	  if	   their	  energy	   is	   sufficient.	  The	  evidence	   for	   such	  a	   situation	  was	  discussed	   in	  section	  6.2.2;	  the	  result	  is	  that	  the	  SDF	  of	  the	  exciton	  reaction	  centre	  states	  has	  a	  ‘cut	  off’	  effect	  on	   the	  emission	  at	  2	  K,	  because	  no	  emission	  can	  occur	  at	  higher	  energies.	  The	   lowest	  RC	  state	   (which	   is	  dominated	  by	  ChlD1	  and	  PheoD217)	  was	  given	   energy/width	   of	   14597/60	   cm–1	   for	   T.	   vulcanus	   and	   14630/60	   cm–1	   for	  spinach.	  These	  values	  were	   chosen	   in	  order	   to	  achieve	   the	  best	   fits,	   but	   are	   in	  quite	   close	   agreement	   with	   the	   literature,17	   and	   also	   with	   the	   estimate	   of	   the	  core	  reaction	  centre	  absorption	  bands	  shown	  in	  Figure	  6.3.	  Energy	  transfer	  from	  antennas	   to	   the	   DRS	   of	   the	   reaction	   centre	   is	   assumed	   to	   depend	   on	   spatial	  location	  of	  the	  antenna	  states	  but	  not	  on	  their	  energy;	  this	  rate	  is	  implicit	  in	  the	  relative	  emission	  efficiencies	  of	  the	  states.	  
	  
	  
Figure	   6.11:	   Gaussian	   fit	   to	   the	  fluorescence	   and	   CPL	   of	   T.	  vulcanus.	  Fitting	   was	   performed	   using	   equation	  1.16,	  using	  parameters	  shown	  on	  the	  right	  above,	  which	  are	  very	  similar	  to	  those	  found	  for	  the	  isolated	  antennas	  but	  include	  a	  non-­‐emissive	  reaction	  centre	  state	  (see	  text).	  	  	  The	   Gaussian	   parameters	   accompanying	   Figure	   6.11	   were	   obtained	   by	   small	  manual	  variation	  of	   those	  given	   in	  Tables	  4.1	  and	  5.1	   to	  obtain	  a	  good	   fit.	  The	  anisotropy	  ratios	  were	  identical	  to,	  and	  the	  Gaussian	  lineshapes	  very	  similar	  to,	  those	  used	  for	  states	  in	  isolated	  CP43	  and	  CP47.	  This	  suggests	  that	  the	  emitting	  antenna	   states	   have	   very	   similar	   excitonic	   character	   in	   the	   intact	   PSII	   core,	  particularly	   the	   lowest	  CP47	  state,	  which	  has	   little	  overlap	  with	  other	  emitting	  









CP47	   	   	   	   	  
Lowest	  
state	   14540	   310	   +1.2	   2.9	  
Higher	  
states	   (as	  Table	  5.1)	   −3	   2.2	  
CP43	   	   	   	   	  
A	  state	   14645	   150	   −4.6	   1	  
B	  state	   14648	   70	   −9.3	   1	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states	   beyond	   690	   nm.	   This	   state	   is	  most	   likely	   located	   on	   Chl	   612	  while	   the	  emissive	   “higher	   states”	  of	  CP47	  are	  primarily	  on	  Chl	  622	   (section	  5.6).	  The	  B	  state	  of	  CP43	  is	  highly	  delocalised,	  while	  the	  A	  state	  is	  assigned	  be	  primarily	  on	  Chl	  631	  but	  not	  with	  high	  certainty	  (section	  4.4).	  	  	  In	   Figure	   6.11,	   the	   emission	   beyond	   690	   nm	   is	   obviously	   dominated	   by	   the	  lowest	  state	  of	  CP47,	  which	  has	  positive	  CPL.	  On	  the	  blue	  side,	  emission	  between	  680	  and	  684	  nm	  is	  weak,	  but	  has	  the	  strong	  negative	  CPL	  characteristic	  of	  the	  B	  state	   of	   CP43	   and	   is	   also	   at	   the	   same	   energy.	   The	   intensity	   is	   low	   in	   the	  simulation	   because	   the	   B	   state	   is	   mostly	   at	   higher	   energy	   than	   the	   RC	   band,	  meaning	   most	   B	   states	   can	   transfer	   energy	   to	   the	   reaction	   centre	   instead	   of	  emitting.	  Some	  B	  state	  emission	  is	  observed	  at	  <683	  nm	  but	  is	  missing	  in	  the	  fit,	  indicating	  that	  this	  process	  is	  not	  simulated	  perfectly.	  	  The	   components	   that	   contribute	   in	   the	   685–690	   nm	   region	   are	   strongly	  overlapping.	  To	   fit	   the	  CPL	   in	   this	   region	   it	  was	   required	   to	   allow	   the	  positive	  band	  to	  make	  a	  large	  contribution,	  and	  the	  emission	  band	  of	  the	  red-­‐most	  state	  of	  CP47	  was	  blue-­‐shifted	  to	  14540	  cm–1	  (687	  nm)	  and	  broadened	  to	  310	  cm–1	  to	  achieve	  this	  while	  also	  fitting	  the	  692	  nm	  shoulder.	  This	  adjustment	  is	  consistent	  with	  the	  effect	  of	  NRHB,	  which	  shifts	  some	  states	  to	  the	  blue	  while	  leaving	  others	  unchanged.	  The	  inherent	  limitations	  of	  Gaussian	  fitting	  must	  again	  be	  noted—in	  particular	   that	   the	   lineshapes	   for	   emission	   and	   CPL,	   although	   similar,	   are	   not	  identical.	   Also	   the	   precise	   energy	   and	   width	   of	   the	   reaction	   centre	   band	   is	  strongly	  correlated	  with	  those	  of	  the	  antenna	  states;	  Figure	  6.11	  should	  not	  be	  taken	   as	   strong	   evidence	   for	   the	   energies	   or	   intensities	   of	   emission	   from	  different	  states	   in	  the	  685–690	  nm	  region.	   It	  does,	  however,	  provide	  a	  realistic	  breakdown	  of	  PSII	  core	  emission	  and	  shows	  that	  the	  spectra	  can	  be	  described	  in	  terms	  of	  the	  emitting	  states	  in	  the	  isolated	  antennas,	  without	  major	  changes.	  	  For	   spinach,	   the	   fluorescence	   could	  be	   fit	   in	   a	   similar	  way—i.e.	   using	   only	   the	  states	   of	   CP43	   and	   CP47,	   with	   energy	   transfer	   to	   the	   reaction	   centre	   state	   as	  estimated	  from	  Figure	  6.3,	  and	  a	  blue-­‐shift	  of	  the	  lowest	  CP47	  state	  to	  simulate	  illumination-­‐induced	   photophysical	   changes.	   However	   attempts	   to	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simultaneously	   fit	   the	  CPL	  and	   fluorescence	   in	   this	  way	  were	  not	   successful.	  A	  typical	  attempt	  is	  shown	  in	  Figure	  6.12.	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It	   was	   suggested	   in	   Section	   6.4.1	   that	   the	   discrepancy	   might	   arise	   from	   an	  interaction	  of	  CP47	  with	  CP29,	  which	   is	  a	  common	  contaminant	   in	   the	  spinach	  PSII	   core	  samples.55	  The	   interaction	  could	  manifest	  as	  either	  a	  change	   to	  a	  Chl	  site	  energy	  or	  geometry,	  or	  an	  excitonic	   interaction	  between	  pigments	  of	  CP47	  and	  CP29.	  This	  is	  a	  clear	  direction	  for	  future	  work	  and	  is	  discussed,	  along	  with	  the	  major	  conclusions	  of	  the	  thesis,	  in	  the	  following	  section.	  	  	  	  
6.5	   Discussion	  and	  Conclusions	  	  
6.5.1.	  	  	  The	  three	  emission	  bands	  of	  PSII	  cores:	  F695,	  F689,	  and	  F685	  
	  The	  fluorescence	  spectrum	  of	  PSII	  cores	  at	  2	  K	  is	  dominated	  by	  two	  main	  bands,	  peaking	  around	  688–689	  nm	  (F689)	  and	  692–693	  nm	  (F695).	  The	  CPL	  of	  these	  bands	   is	   very	   similar	   to	   those	   of	   CP43	   and	   CP47	   complexes,	   suggesting	   the	  excitonic	  character	  of	  the	  main	  emitting	  states	  is	  very	  similar	   in	  PSII	  cores	  and	  isolated	  antenna	  complexes.	  The	  low-­‐temperature	  emission	  spectra	  of	  PSII	  cores	  can	   be	   described	   quite	   well	   in	   terms	   of	   emission	   bands	   of	   the	   two	   antenna	  complexes.	  All	   bands	   can	  probably	   transfer	   to	   the	  deep	   red	   state	   (DRS)	   of	   the	  reaction	   centre,	   but	   the	   transfer	   rate	   is	   slow	   so	   fluorescence	   can	   compete	  (section	   6.1.2).	   The	   temperature	   dependence	   of	   energy	   transfer	   to	   the	   DRS	   is	  unknown,	  but	   the	   large	   temperature	  dependence	  of	   the	  PSII	   core	   fluorescence	  intensity	   can	   probably	   be	   explained	   by	   energy	   transfer	   to	   the	   lowest	  excitonic	  states	  of	   the	   reaction	  centre	  on	  ChlD1	  and	  PheoD2	  around	  685	  nm	  (section	  6.2)	  which	   then	   relax	   rapidly	   to	   the	   DRS	   and	   emit	   very	   weakly	   at	   much	   longer	  wavelengths.166	   Quantitative	   energy	   transfer	   calculations	   to	   support	   this	  hypothesis	  remain	  a	  matter	  for	  future	  work.	  	  F695	   is	   located	  on	  CP47	  and	   is	  most	   likely	  quite	   strongly	   localised	  on	  Chl	  612	  (traditionally	   known	   as	   Chl	   11).	   This	   assignment	   is	   based	   on	   the	   positive	  CD/CPL	   signal,	   in	   conjunction	   with	   exciton	   calculations	   and	   with	   literature	  including	   linear	   dichroism	   and	   polarised	   fluorescence	   measurements138,144	  (Chapter	   5).	   The	   positive	   CD/CPL	   most	   likely	   arises	   from	   a	   small	   (~1%)	  contribution	  to	  the	  exciton	  state	  from	  the	  nearby	  Chl	  614.	  The	  absorption	  of	  this	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band	  is	  broad	  and	  centred	  at	  689–690	  nm.	  At	  2–20	  K	  its	  emission	  peak	  is	  at	  692–693	  nm	  in	  both	  PSII	  cores	  (Figure	  6.4)	  and	  CP47	  (Figure	  5.11).	  The	  apparently	  large	  Stokes	  shift	  arises	  in	  part	  because	  the	  high-­‐energy	  part	  of	  the	  distribution	  is	   less	   emissive	   due	   to	   uncorrelated	   overlap	   with	   the	   second	   lowest	   state	  (section	   5.5.2).	   When	   the	   temperature	   is	   increased	   from	   2	   K,	   higher	   exciton	  states	   within	   CP47	   become	   thermally	   populated	   via	   fast	   energy	   transfer.	   In	  isolated	  CP47	  this	  results	  in	  a	  blue	  shift	  of	  the	  overall	  emission,	  with	  only	  weak	  temperature	   dependence	   of	   the	   emission	   intensity.	   In	   PSII	   cores,	   the	   second-­‐lowest	  state	  in	  CP47	  is	  located	  near	  the	  reaction	  centre	  (see	  below),	  so	  when	  this	  state	  becomes	   thermally	  populated	   from	  Chl	  612	   it	  becomes	   rapidly	  quenched	  via	  energy	  transfer	  to	  the	  RC.	  	  	  	  The	   second-­‐lowest	   state	   of	   CP47	   is	   assigned	   to	   Chl	   622	   based	   on	   previous	  electrochromism	   measurements154	   and	   on	   calculations	   from	   this	   work	   and	  elsewhere.39,46	  In	  a	  fraction	  of	  complexes,	  the	  state	  on	  Chl	  612	  is	  not	  the	  lowest	  in	   CP47,	   and	   the	   nominally	   “second	   lowest”	   state	   becomes	   the	   lowest	   due	   to	  uncorrelated	  energy	  disorder.	  Again,	   in	   isolated	  CP47	  such	   states	  are	  emissive	  while	  in	  the	  PSII	  core	  they	  are	  emissive	  only	  if	  they	  cannot	  transfer	  energy	  to	  the	  reaction	  centre.	  The	  resulting	  emission	  band	  peaks	  at	  about	  688	  nm	  in	  cores	  at	  2	  K,	  and	  no	  doubt	  corresponds	  to	  the	  “F689”	  band;	  part	  of	  this	  band	  was	  found	  to	  transfer	  energy	  to	  F695.172	  The	  red	  part	  of	  the	  “A”	  state	  of	  CP43	  probably	  also	  makes	  a	  contribution	  to	  the	  F689	  band.	  The	  two	  states	  have	  similar	  wavelength	  and	   CPL	   characteristics,	   so	   their	   relative	   contributions	   to	   F689	   could	   not	   be	  determined	  with	   confidence.	   The	   CP43	   red	   state	   is	  most	   likely	   located	   on	   Chl	  631,	  although	  the	  assignment	  is	  not	  yet	  definitive.	  The	  very	  strong	  temperature	  dependence	   of	   F689	   fluorescence	   suggests	   that	   the	   state/s	   are	   located	   on	  pigments	   close	   to	   the	   reaction	   centre;	   only	   such	   ‘linker’	   pigments	   are	   likely	   to	  transfer	  energy	  to	  the	  RC	  at	  rates	  that	  will	  out-­‐compete	  fluorescence.40	  Both	  Chl	  631	   and	   Chl	   622	   are	   linker	   pigments,	   so	   the	   temperature	   dependent	  fluorescence	  supports	  the	  assignments.	  	  The	   “F685”	   band	  does	  not	   correspond	   to	   one	   or	   two	  distinct	   states;	   instead	   it	  arises	   from	  excitations	  that	  do	  not	  become	  trapped	  on	  either	  F689	  or	  F695.	  At	  temperatures	   below	  ~50	   K	   this	   is	   a	   comparatively	   low	   proportion	   of	   centres,	  
	   181	  
and	  F685	   is	  makes	  only	  a	   small	   contribution	   to	   the	   fluorescence	  spectrum—at	  the	  lowest	  temperatures	  a	  small	  contribution	  from	  the	  highly	  delocalised	  B	  state	  of	  CP43	  can	  be	  identified	  at	  ~684	  nm	  by	  its	  strong	  negative	  CPL.	  It	  is	  likely	  that	  although	  the	  lowest	  state	  of	  CP43	  is	  at	  <685	  nm	  in	  many	  centres,	  the	  majority	  of	  these	  are	  able	  to	  transfer	  to	  the	  reaction	  centre	  even	  at	  0	  K,	  making	  the	  yield	  of	  F685	  small	  compared	  to	  that	  of	  F695	  or	  F689.	  At	  higher	  temperatures,	  (pseudo-­‐)	  thermal	   equilibration	   of	   the	   excited	   states	   means	   that	   fewer	   excitations	   are	  trapped	  at	  the	  two	  lower	  sites	  and	  in	  many	  complexes	  the	  equilibration	  includes	  the	  photochemically-­‐active	  RC,	   reducing	   the	  overall	   yield	  dramatically.	  F685	   is	  the	  dominant	  emission	  band	   in	   thermally	  equilibrated	  complexes	  (above	  ~100	  K),	  simply	  because	  the	  combined	  oscillator	  strength	  of	  chlorophylls	  emitting	  at	  this	  energy	  greatly	  outweighs	  those	  at	  lower	  energies	  (Figure	  6.7).	  
	  
6.5.2.	  	  	  Comments	  on	  the	  assignment	  of	  Chl	  612	  to	  F695	  	  The	  major	  result	  of	  this	  work	  is	  the	  reassignment	  of	  the	  chlorophyll	  responsible	  for	   the	   F695	   emission	   band	   to	   Chl	   612.	   Based	   on	   various	   results	   it	   has	   been	  assumed	   for	   some	   time	   that	   this	   state	  was	   located	   on	   Chl	   627.	   The	   literature	  results	  that	  led	  to	  this	  assumption	  must	  be	  considered	  in	  the	  context	  of	  the	  new	  assignment.	   Firstly,	   the	   negative	   linear	   polarisation	   of	   absorption	   and	  fluorescence	  in	  oriented	  CP47144	  and	  PSII	  core138	  samples	  showed	  that	  the	  band	  must	  arise	  from	  a	  chlorophyll	  whose	  Qy	  transition	  dipole	  makes	  a	  large	  angle	  (at	  least	  35°)	  with	  the	  plane	  of	  the	  thylakoid	  membrane.	  As	  discussed	  in	  Chapter	  5,	  early	  crystal	  structures	  indicated	  that	  Chl	  627,	  (with	  a	  Qy	  angle	  of	  about	  69°	  to	  the	  membrane	   plane)	  was	   the	   only	   candidate	   for	   such	   an	   orientation,	   but	   the	  structure	  of	  Umena	  et	  al.16	  revealed	  that	  Chl	  612	  has	  and	  angle	  of	  about	  50°	  to	  the	  membrane.	  One	  major	  problem	  with	   the	   assignment	  of	  Chl	  627	  as	   the	   red	  state,	  was	  that	  the	  observed	  linear	  dichroism	  is	  much	  weaker	  than	  expected	  for	  this	  chlorophyll.39	  The	  new	  assignment	  of	  Chl	  612,	  with	  its	  smaller	  angle	  to	  the	  membrane,	  solves	  this	  problem.	  	  Supporting	  the	  assignment	  of	  Chl	  627	  were	  the	  site-­‐directed	  mutagenesis	  results	  obtained	   in	   1994	   by	   Shen	   and	   Vermaas.	   When	   the	   histidine	   residue	   H114,	  (which	   provides	   the	   ligand	   of	   Chl	   627),	   was	   replaced	   with	   tyrosine	   (which	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cannot	  bind	  chlorophyll)	  the	  F695	  emission	  band	  was	  entirely	  lost.147	  However	  this	  also	  caused	  major	  disruption	  to	  the	  stable	  assembly	  of	  functional	  PSII,	  so	  the	  mutation	   clearly	  has	   effects	  beyond	   the	  F695	   chlorophyll.	   The	  authors	  did	  not	  suggest	  that	  their	  results	  implicated	  any	  histidine	  residue	  as	  the	  binding	  site	  for	  this	   chlorophyll,	   because	   predicting	   the	   results	   of	   any	   one	   mutation	   on	   the	  
in-­‐vivo	   assembly	   of	   the	   complex	   as	   a	   whole	   was,	   and	   remains,	   far	   from	   exact	  science.	   (This	  was	  discussed	  by	  Reppert	  et	  al.,44	  who	  suggested	  a	  different	   low	  energy	   chlorophyll	   but	   neglected	   to	   consider	   experimental	   linear	   and	   circular	  dichroism	   spectra,	   which	   were	   later	   shown	   to	   be	   inconsistent	   with	   their	  modelling.46)	   Among	   the	   numerous	   mutagenesis	   experiments	   of	   Shen	   and	  Vermaas,	   the	   other	   mutation	   that	   entirely	   removed	   F695	   was	   the	   double-­‐	  mutation	   of	   H201	   and	   H202.	   The	   results	   can	   all	   be	   rationalised	   under	   the	  assignment	  of	  Chl	  612	  as	  F695.	  	   	  
	  
Figure	   6.13:	   Crystal	   structure	   (of	   T.	  
vulcanus),	   showing	   in	  pink	   some	  of	   the	  CP47	   histidines	   mutated	   by	   Shen	   &	  Vermaas	   (in	   Syn.6803	   sp).	   	   H114	   is	  coordinated	  to	  the	  green	  Chl	  627.	  	  H201	  is	   coordinated	   to	   blue	   Chl	   613,	   and	  H202	  to	  the	  yellow	  Chl	  614.	  	  	  The	  latter	  two	  are	   closely	  associated	  with	   the	   red	  Chl	   612,	   to	   which	   water	   1027	   (blue	  sphere)	  is	  coordinated.	  	  The	  II,III	  and	  IV	  helices	  of	  CP47	  are	  shown	  in	  green,	  and	  the	   PsbH	   protein	   in	   grey.	   The	  pheophytins	   of	   the	   reaction	   centre	  (purple)	   are	   in	   the	   background	   for	  context.	  	  As	   shown	   in	   Figure	   6.13,	   the	   histidines	   H201	   and	   H202	   are	   coordinated	   to	  Chl	  613	   and	   614	   respectively,	   which	   form	   a	   coupled	   trimer	   with	   Chl	   612	  (section	  5.6).	  Removal	  of	  these	  chlorophylls	  is	  highly	  likely	  to	  affect	  the	  binding	  site	  of	  Chl	  612,	  which	  would	  affect	  the	  low	  site	  energy	  and	  even	  the	  presence	  of	  the	  pigment,	  causing	  the	  loss	  of	  F695.	  The	  loss	  of	  F695	  upon	  removal	  H114	  and	  Chl	   627	   can	   perhaps	   be	   explained	   by	   interaction	   of	   this	   region	  with	   the	   small	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protein	  known	  as	  PsbH	  (grey	  helices	  in	  Figure	  6.13).	  PsbH	  provides	  part	  of	  the	  binding	  pockets	  of	  both	  Chl	  612	  and	  Chl	  627.	  The	  latter	  forms	  a	  hydrogen	  bond	  between	  its	  13C	  keto	  group	  and	  a	  threonine	  residue	  of	  PsbH	  near	  its	  N-­‐terminus.	  	  Removal	   of	   Chl	   627	   will	   thus	   affect	   the	   interaction	   between	   PsbH	   and	   CP47,	  which	  may	  have	   a	   flow-­‐on	  effect	   impacting	   the	  binding	   site	  of	  Chl	  612	  and/or	  overall	  PSII	  assembly.	  Such	  an	  effect	  would	  alter	  F695	  even	  though	  the	  state	  is	  not	  located	  on	  Chl	  627.	  Of	  course,	  the	  same	  argument	  can	  be	  used	  in	  reverse	  if	  F695	  is	  located	  on	  Chl	  627,	  so	  the	  mutagenesis	  results	  are	  consistent	  with	  either	  assignment.	  	  The	   fifth	   ligand	   to	   the	   central	   Mg	   atom	   of	   Chl	   612	   is	   provided	   by	   a	   water	  molecule,	  not	  by	  the	  protein.	  	  The	  binding	  pocket	  is	  located	  on	  the	  extreme	  edge	  of	   the	  PSII	  core	  dimer,	   in	  a	  hydrophilic	  region	  near	  several	  water	  molecules.	  A	  closer	  inspection	  of	  this	  site	  is	  given	  in	  Figure	  6.14.	  
Figure	  6.14:	  Binding	  site	  of	  Chl	  612	  (red).	  	  Above:	   Location	   in	   the	  overall	   PSII	   dimer,	  with	   reaction	   centre	   proteins	   yellow,	  proximal	   antennas	   green	   and	   minor	  proteins	  grey.	  Left:	  Close	  up	  view	  showing	  water	  molecules	  (blue);	  W1027,	  ligates	  Chl	  612	   is	   darker	   blue	   (Mg	   atom	   not	   shown).	  The	   β-­‐carotene	   BCR650	   is	   orange.	   Other	  chlorophyll	  molecules	  are	  dark	  green.	  The	  helices	   of	   CP47	   and	   PsbH	   are	   shown	   in	  light	  green	  and	  grey	  respectively.	  The	  pink	  arrow	   indicates	   the	   small	   helix	   spanning	  V181-­‐H201	  in	  CP47.	  A	  detergent	  molecule	  	   	   	   	   	   	   	  	  	  	  	  (grey,	  in	  front	  of	  Chl	  612)	  is	  also	  shown.	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Several	   spectroscopic	   results	   can	   be	   rationalised	   upon	   consideration	   of	   the	  binding	  site	  of	  Chl	  612.	  	  First,	  it	  is	  well	  known	  that	  the	  lowest	  state	  of	  CP47	  has	  a	  short	  triplet	  lifetime,	  most	  likely	  due	  to	  close	  association	  with	  a	  β-­‐carotene.47,152	  Chl	  612	  has	  an	  excellent	  candidate	  for	  the	  β-­‐carotene,	  BCR650.	  This	  pigment	  was	  associated	  with	  PsbH	  rather	  than	  CP47	  in	  the	  3ARC	  crystal	  structure,16	  although	  it	   is	   located	   between	   the	   two	   proteins.	   The	   PsbH	   protein	   is	   not	   thought	   to	   be	  present	  in	  isolated	  CP47	  preparations	  although	  this	  has	  not	  been	  ruled	  out	  with	  certainty;44	  indeed	  it	  has	  been	  demonstrated	  that	  CP47-­‐PsbH	  is	  a	  stable	  complex	  which	  is	  formed	  in	  the	  native	  thylakoid	  membrane	  prior	  to	  assembly	  of	  the	  full	  PSII	   complex.170	   It	   is	   therefore	   unclear	   to	   what	   extent	   PsbH,	   BCR650,	   and	  Chl	  612	  will	   remain	  with	   CP47	   in	   various	   detergent-­‐treated	   preparations.	   The	  overall	   binding	   site	   of	   the	   pigments	   appears	   so	   tenuous	   that	   it	   would	   not	   be	  surprising	  if	  both	  the	  carotene	  and	  Chl	  612	  were	  missing	  or	  badly	  disrupted	  in	  some	   complexes,	   particularly	   isolated	   CP47,	   even	   if	   PsbH	   remains.	   Such	  disruption	  provides	  an	  explanation	  for	  the	  high	  variability	  in	  the	  linewidth	  of	  the	  fluorescence	   spectrum	  with	   different	   sample	   treatments67	   (Figure	   5.2).	   It	  may	  also	  explain	  the	  excitation	  wavelength	  dependence	  of	  fluorescence	  from	  isolated	  CP47,	  in	  which	  excitation	  of	  carotene	  seems	  to	  select	  for	  complexes	  that	  possess	  the	  lowest	  excited	  state	  (Figure	  5.4).	  	  Boehm	  et	  al.170	  recently	  isolated	  CP47	  from	  the	  Syn.	  6803	  cyanobacterium,	  prior	  to	  its	  full	  assembly	  in	  the	  PSII	  complex.	  Interestingly,	  these	  assembly	  complexes	  were	   shown	   to	   bind	   most	   chlorophylls	   and	   also	   PsbH,	   but	   in	   the	   77	  K	  fluorescence	  spectrum,	  emission	  from	  the	   lowest	  state	  was	  clearly	  absent.	  This	  intriguing	  result	  suggests	  that	  the	  F695	  pigment	  may	  be	  bound	  very	  late	  in	  the	  assembly	  process.	  Again	  this	  does	  not	  distinguish	  between	  Chl	  627	  and	  Chl	  612,	  as	  the	  lowest	  state,	  although	  the	  ligation	  of	  the	  former	  by	  a	  His	  residue	  on	  CP47	  may	  argue	  for	  its	  earlier	  binding.	  	  In	   this	   work,	   it	   was	   necessary	   to	   give	   Chl	   612	   a	   very	   broad	   inhomogeneous	  distribution	  (10–15	  nm),	  more	  similar	   to	   that	  of	  chlorophyll	  a	   in	  solution	   than	  typical	   protein-­‐bound	   chlorophyll.50	   Significant	   inhomogeneity	   would	   not	   be	  surprising	   for	  Chl	  612,	   given	   is	   it	   is	  highly	   exposed	   to	  water	   and/or	  detergent	  molecules.	  A	  polar	  environment	  for	  the	  lowest	  state	  of	  CP47	  has	  been	  suggested	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on	  the	  basis	  of	  infrared	  pump-­‐probe	  spectra,151	  and	  such	  an	  environment	  is	  also	  likely	  to	  be	  consistent	  with	  a	  red-­‐shifted	  site	  energy.142	  On	  the	  balance	  of	  current	  evidence,	  which	  now	   includes	  CD	  and	  CPL,	   it	   is	  much	  more	   likely	   that	  F695	   is	  located	  on	  Chl	  612	  than	  Chl	  627.	  	  
6.5.3.	  	  	  Implications	  for	  light	  harvesting	  dynamics	  and	  photoprotection	  	  A	   new	   assignment	   for	   F695	  will	   affect	  modelling	   of	   energy	   transfer	   dynamics	  within	  the	  PSII	  core,39	  which	  was	  not	  attempted	  as	  part	  of	  this	  work.	  As	  shown	  in	  Figure	  6.1,	  Chl	  612	  is	  closer	  to	  the	  reaction	  centre	  than	  the	  Chl	  627;	  in	  particular	  the	   distance	   from	   Chl	   612	   to	   ChlZ(D2)	   is	   relatively	   small	   (~24	   Å),	   and	   these	  pigments	  are	  near-­‐optimally	  aligned	  for	  resonance	  energy	  transfer.	  Therefore	  it	  can	  be	  speculated	  that	  moving	  the	  low	  energy	  state	  from	  Chl	  627	  to	  Chl	  612	  may	  increase	   the	   overall	   rate	   of	   energy	   transfer	   from	   CP47	   to	   the	   reaction	   centre,	  particularly	   at	  physiological	   temperatures.	  This	  might	   allow	  a	   reduction	  of	   the	  ultrafast	   rate	   of	   primary	   electron	   transfer	   that	   was	   required	   to	   describe	   the	  observed	  kinetics	  under	  the	  transfer-­‐to-­‐the-­‐trap	  model.39	  The	   feasibility	  of	   this	  rate	   (100–200	   fs–1,	   corresponding	   to	   lifetimes	   of	   300–600	   fs)	   is	   perhaps	   the	  most	  pressing	  question	  faced	  by	  that	  model.28	  	  For	  higher	  plants,	   the	  assignment	  of	  Chl	  612	  as	  this	  state	  also	  has	   implications	  for	  energy	  transfer	  between	  the	  core	  and	  the	  various	  extrinsic	   light-­‐harvesting	  complexes	   (LHCs)	   where	   the	   majority	   of	   the	   energy	   is	   absorbed.	   The	   CP29	  protein	   is	   a	   major	   ‘bridge’	   between	   the	   extrinsic	   antennas	   and	   the	   core,	   and	  Chl	  612	   has	   been	   identified	   as	   the	   most	   likely	   candidate	   on	   CP47	   to	   accept	  energy	   from	  CP29	   in	   higher	   plants.12	   This	   leads	   to	   the	   conclusion	   that	   a	   large	  fraction	   of	   the	   energy	   absorbed	   in	   the	   extrinsic	   antennas	   passes	   through	   the	  CP29-­‐CP47	   interface,12	   and	  hence	   through	  Chl	  612.	  The	   extrinsic	   antennas	   are	  known	   to	   play	   a	   major	   role	   in	   pH-­‐dependent	   quenching	   (also	   called	   energy	  quenching,	   qE),	   which	   is	   the	   first	  major	   photoprotective	   response	   that	   occurs	  when	   the	   thylakoid	   lumen	   becomes	   acidic	   due	   to	   protons	   released	   by	   water	  splitting.72	  Identifying	  the	  precise	  locations	  and	  mechanisms	  of	  this	  quenching	  in	  various	  organisms	  remains	  a	  current	  problem.30,158,185	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The	  pink	  arrow	  in	  Figure	  6.14	  indicates	  the	  region	  between	  the	  histidine	  H201	  and	   valine	   V181,	   which	   forms	   part	   of	   the	   binding	   pocket	   of	   Chl	   612	   and	   also	  extends	  into	  the	  thylakoid	  lumen.	  This	  region	  has	  a	  high	  number	  of	  residues	  that	  are	  not	  conserved	  between	  plant	  and	  cyanobacterial	  PSII;186	   the	  variations	  are	  likely	  to	  affect	  secondary	  structure,	  polarity,	  and	  sensitivity	  to	  the	  lumen	  pH.	  It	  is	  possible	   that	   in	   higher	   plants,	   this	   region	   of	   the	   CP47	   protein	   responds	   to	  decreased	  pH	  in	  a	  way	  that	  governs	  the	  site	  energy	  and/or	  position	  of	  Chl	  612.	  This	   would	   affect	   the	   energy	   transfer	   equilibrium	   between	   the	   CP47,	   the	  reaction	   centre,	   and	   the	   main	   light-­‐harvesting	   system.	   For	   example,	   if	   the	  emission	  peak	  of	  Chl	  612	  is	  at	  693	  nm,	  then	  back-­‐transfer	  to	  the	  LHC	  antennas	  (whose	  main	  absorbing	  states	  are	  at	  <680	  nm)	  is	  likely	  to	  be	  comparatively	  slow	  compared	   to	   transfer	   to	   closer,	   lower-­‐energy	   sites	  within	  CP47	  and	   the	  native	  reaction	  centre,	  resulting	  in	  the	  funnelling	  of	  energy	  toward	  the	  RC.	  An	  increase	  in	   the	   site	   energy	   would	   result	   in	   faster	   back-­‐transfer	   and	   a	   shift	   of	   the	  equilibrium	   toward	   CP29	   and	   other	   LHCs,	   where	   photoprotective	   quenching	  sites	  are	  located.	  	  	  One	  possible	  mechanism	  for	  such	  a	  site	  energy	  shift	   is	  the	  driving	  out	  of	  water	  molecules,	  due	  to	  a	  more	  intimate	  association	  between	  neighbouring	  proteins.	  It	  has	  been	  observed	  that	  CP29	  is	  difficult	  to	  remove	  from	  the	  core	  in	  spinach	  PSII	  preparations	   prepared	   in	   the	   summer	   months	   (Paul	   Smith,	   personal	  communication),	   although	   this	   change	   probably	   occurs	   on	   a	   slower	   timescale	  than	  the	  pH	  dependent	  quenching.	  Even	  more	  speculatively,	  a	  change	  in	  position	  of	   Chl	   612	   may	   also	   give	   rise	   to	   a	   new	   quenching	   site	   by	   creating	   a	   Chl-­‐Chl	  charge	  transfer	  state.	  	  
	  
	  
6.6	  	   Experimental	  	  
Sample	  preparation	  and	  treatment:	  PSII	   core	   samples	   from	   spinach	  were	   prepared	   by	  Dr	   Paul	   Smith	   according	   to	  published	  procedures.55	  	  PSII	  core	  samples	  from	  Thermosynechococcus	  vulcanus	  were	   kindly	   provided	   by	   Prof.	   J.R.	   Shen.	   These	   were	   prepared	   by	   the	   same	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method	   used	   to	   prepare	   samples	   in	   the	   crystal	   structure	   published	   recently.16	  The	  sample	  used	  had	  not	  been	  previously	  crystallised.	  	  	  Emission	  and	  CPL	  spectra	  were	  collected	  and	  treated	  as	  described	  in	  Section	  3.5.	  The	  depolarisation	  factors	  for	  the	  CPL	  spectra	  (see	  section	  3.3.3)	  were	  0.77	  for	  
T.	  vulcanus	   and	   0.82	   for	   spinach	   core	   samples.	   The	   same	  T.	  vulcanus	   PSII	   core	  sample	  was	  used	  for	  all	  measurements	  presented	  for	  cores	  from	  this	  organism.	  Measurements	  on	  other	  samples	  did	  not	  differ	  significantly.	   	  The	  full	  treatment	  of	   the	   sample	  was	   as	   follows:	   	   The	   sample	  was	  prepared	   in	   liquid	  nitrogen	   as	  described	  in	  section	  2.4,	   then	  cooled	  to	  2	  K	  and	  the	  absorption	  and	  CD	  spectra	  were	  taken.	  Then,	  the	  sample	  was	  pre-­‐illuminated	  at	  2	  K	  for	  CPL	  spectroscopy,	  during	   which	   time	   illumination-­‐induced	   fluorescence	   changes	   were	   measured	  (Figure	   6.5	   and	   accompanying	   discussion).	   Then,	   the	   CPL	   spectra	   were	   taken	  between	  2	  K	  and	  120	  K	  as	  described	  in	  Chapter	  4,	  but	  with	  488	  nm	  illumination	  at	   70	   mW/cm2.	   (The	   emission	   spectrum	   of	   T.	   vulcanus	   was	   independent	   of	  excitation	   wavelength).	   The	   sample	   was	   then	   left	   overnight	   in	   the	   dark	   and	  reached	  a	  temperature	  of	  100	  K.	  The	  following	  day	  the	  sample	  was	  re-­‐cooled	  in	  liquid	  helium	  and	  the	   ‘day	  two’	  spectrum	  in	  Figure	  6.6	  was	  measured	  followed	  by	  the	  temperature	  series	  in	  Figure	  6.4.	  	  	  
Laser	  heating:	  At	  2	  K	  under	  high	  illumination,	  laser	  heating	  in	  the	  sample	  may	  be	  a	  possibility.	  	  This	  was	  shown	  to	  be	  negligible	  using	  the	  sensitive	  temperature	  dependence	  of	  PSII	   core	   (T.	   vulcanus)	   fluorescence	   at	   2–5	   K.	   The	   fluorescence	   spectrum	  was	  collected	   under	   70	   and	   150	   mW/cm2	   illumination	   at	   488	   nm,	   after	   pre-­‐illumination	  so	  that	  spectral	  effects	  of	  photochemical	  and	  photophysical	  changes	  were	  small.	  The	  latter	  spectrum	  showed	  virtually	  identical	  shape	  at	  687	  nm.	  The	  intensity	   drops	   noticeably	   in	   this	   region	   even	  with	   a	   1	  K	   temperature	   change,	  under	  any	  excitation	  level.	  Dilute,	  cracked	  samples	  such	  as	  these	  are	  less	   likely	  to	   be	   affected	   by	   laser	   heating	   than	   concentrated,	   crack-­‐free	   samples,	   because	  they	  have	   fewer	   absorbers	   (decreased	  energy	   flux	   into	   the	   sample)	   and	   larger	  sample-­‐fluid	   interface	   area	   (increased	   heat	   transfer	   out	   of	   the	   sample).	   The	  immersion	  of	  the	  sample	  in	  helium	  liquid	  or	  superfluid	  was	  important;	  when	  the	  sample	  was	  illuminated	  strongly	  at	  ~5	  K	  in	  helium	  gas	  or	  vacuum,	  rapid	  heating	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to	   15–25	   K	   was	   detected	   by	   the	   temperature	   probe	   and	   observed	   in	   the	  fluorescence	  spectra	  (changes	  as	  seen	  in	  Figure	  6.4).	  This	  test	  also	  showed	  that	  triplet	   formation	  does	  not	   significantly	  affect	   the	   fluorescence	   lineshape	  under	  the	  experimental	  conditions	  used.	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Chapter	  7:	  	   Summary	  of	  Thesis	  and	  Future	  Directions	  	  	  
7.1	   Summary	  of	  Thesis	  	  The	  goal	  of	   this	  work	  was	  to	  characterise	  and	  identify	  the	   fluorescent	  states	  of	  the	  PSII	  core	  in	  the	  680–700	  nm	  wavelength	  region,	  using	  low-­‐temperature	  CPL	  spectroscopy.	   The	   motivation	   for	   doing	   so	   was	   detailed	   in	   Chapter	   1	  (sections	  1.1	   and	   1.2),	   and	   the	   theory	   and	   basic	   techniques	   were	   outlined	   in	  Chapter	  1	  (section	  1.3)	  and	  Chapter	  2.	  	  	  Development	  of	  techniques	  for	  the	  reliable	  measurement	  of	  CPL	  spectra	  at	   low	  temperature	  was	  a	   significant	  portion	  of	   the	  work.	  The	  emission	  beam	   in	   low-­‐temperature	   experiments	   was	   found	   to	   be	   highly	   susceptible	   to	   artifactual	  circular	   polarisation	   (due	   mainly	   to	   strain	   in	   vacuum	   windows)	   and	   also	   to	  depolarisation	   (due	   to	   scattering-­‐type	   processes	  within	   the	   sample).	   This	  was	  discussed	  in	  Chapter	  3,	  and	  a	  method	  for	  performing	  reliable	  CPL	  measurements	  given	  in	  section	  3.5.	  	  The	   CP43	   proximal	   antenna	   protein	   provided	   an	   excellent	   test	   case	   for	   the	  newly-­‐developed	   low-­‐temperature	   CPL	   technique;	   this	   was	   described	   in	  Chapter	  4.	  The	  CPL	  of	  the	  low-­‐energy	  “A”	  and	  “B”	  states	  of	  this	  complex,	  which	  are	  well	   known	   from	  previous	   literature,	  was	   negative	   as	   expected	   from	   their	  exciton	   CD	   (section	   4.3).	   The	   temperature	   dependence	   of	   the	   CPL	   spectrum	  clearly	   demonstrated	   emission	   from	   exciton	   states	   that	   become	   populated	   via	  thermal	  energy.	  Simple	  structure-­‐based	  calculations	  of	  the	  CD	  and	  CPL	  of	  CP43	  were	   also	   carried	   out.	   Since	   the	   CD	   of	   CP43	   had	   already	   been	   quite	   well	  modelled	   in	   this	   way,	   the	   results	   could	   be	   fit	   without	   significant	   changes	   to	  previous	  assignments	  of	  the	  low-­‐energy	  states.	  	  The	   lowest	   excited	   state	   of	   the	   CP47	   proximal	   antenna	   has	   been	   a	   matter	   of	  controversy.	   The	   state	   had	   been	   assigned	   to	   Chl	   627,	   however	   under	   this	  assignment	   there	   were	   substantial	   discrepancies	   between	   structure-­‐based	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calculations	  and	  spectroscopy,	  particularly	  of	   linear	  dichroism	  (LD)	   spectra.	   In	  Chapter	   5,	   this	   state	   was	   shown	   to	   have	   positive	   CD	   and	   CPL,	   which	   is	   also	  inconsistent	  with	  the	  previous	  assignment,	  under	  which	  the	  lowest	  state	  should	  have	  negative	  CD	  as	  described	  in	  section	  2.1.	  Structure-­‐based	  calculations	  of	  the	  CD	  and	  CPL	  of	  CP47	  were	  carried	  out,	  and	  as	  a	  result	  a	  new	  assignment	  of	  Chl	  612	  as	   the	   lowest	   state	  was	  proposed.	  This	  assignment	  addresses	  both	   the	  LD	  and	  CD	  discrepancies.	  	  The	  assignment	   is	  not	  compatible	  with	   low	  dipole	  strength	   in	   the	   lowest	  state.	  To	   fit	   the	   absorption	   and	   emission	   spectra	   therefore	   required	   that	   the	   lowest	  state	  be	  a	  stronger	  emitter	  than	  the	  higher	  states;	  literature	  evidence	  supporting	  this	  was	  mentioned	  in	  section	  5.5.2.	  	  The	   lowest-­‐energy	   state	   of	   CP47	   is	   responsible	   for	   the	   well-­‐known	   F695	  fluorescence	  band	  of	  intact	  PSII	  cores.	  In	  Chapter	  6	  it	  was	  shown	  that	  the	  CD	  and	  CPL	   of	   this	   band	   in	   cores	   is	   virtually	   indistinguishable	   to	   that	   observed	   in	  isolated	  CP47	  (section	  6.4).	  The	  F695	  band	  of	  the	  PSII	  core	  is	  therefore	  assigned	  to	  Chl	  612.	  It	  was	  argued	  (section	  6.5.2)	  that	  this	  assignment	  is	  consistent	  with	  the	  literature	  surrounding	  the	  F695	  state.	  	  	  The	  CPL	  spectrum	  of	  PSII	   cores	  also	   showed	   that	  emission	   in	   the	  682–690	  nm	  region	   has	   similar	   polarisation	   to	   that	   of	   the	   isolated	   antennas	   in	   this	  wavelength	  region.	  The	  emission	   in	   this	   region	   is	  most	   likely	  a	   combination	  of	  CP43	  and	  CP47.	  Emission	   from	   these	   states	  has	   extremely	   strong	   temperature	  dependence	   in	   the	   range	   of	   2–25	   K,	   most	   likely	   due	   to	   thermally-­‐activated	  energy	  transfer	  to	  the	  non-­‐emissive	  reaction	  centre	  (section	  6.2).	  	  	  The	   fluorescence	  yield	  of	  all	  emitting	  states	   in	   intact	  PSII	  cores	  varies	  strongly	  with	   illumination,	   due	   to	   efficient	   photochemical	   processes.	   The	   yields	   of	  different	   emission	   bands	   exhibit	   similar,	   but	   not	   identical	   changes	   with	   upon	  illumination	   (section	  6.3).	  This	  effect	  must	  not	  be	   ignored	  when	  modelling	   the	  overall	  fluorescence	  spectrum	  of	  intact	  PSII	  cores.	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7.2	   Future	  Directions	  	  The	   proposal	   of	   Chl	   612	   as	   the	   location	   of	   F695	   raises	   several	   opportunities.	  	  Firstly,	  the	  assignment	  can	  be	  clarified	  by	  more	  comprehensive	  calculations	  than	  were	   attempted	   in	   this	   work.	   Fitting	   of	   the	   proposed	   site	   energies	   to	   other	  experimental	  results,	  with	  more	  sophisticated	  levels	  of	  theory,	  is	  an	  obvious	  next	  step.	   The	   extremely	   sensitive	   temperature	   dependence	   of	   the	   fluorescence	  spectrum	  between	  2–25	  K	  is	  a	  robust	  experimental	  result,	  which	  could	  be	  used	  as	  an	  additional	  parameter	  to	  guide	  energy	  transfer	  modelling.	  If	  the	  resolution	  of	  the	  crystal	  structure	  is	  sufficient,	  then	  another	  avenue	  is	  direct	  calculation	  of	  the	  Chl	  612	   site	   energy	  via	  quantum	  chemical	  methods.	   Such	   calculations	  may	  clarify	  the	  existence	  of	  an	  unusual	  vibrational	  band	  observed	  from	  this	  state	  at	  1633	  cm–1	   in	   the	   fluorescence	   line-­‐narrowing	   spectrum.47	   Theoretical	  investigation	  of	  the	  possible	  response	  to	  pH	  of	  the	  CP47	  protein	  in	  the	  lumenal	  region	  around	  Chl	  612,	   is	  also	  worthwhile,	   in	  order	   to	   test	   the	  suggestion	   that	  this	  response	  may	  help	  regulate	  light	  harvesting.	  	  Experimentally,	   the	   potential	   interaction	   between	   CP29	   and	   CP47	   might	   be	  observable	  via	  the	  low-­‐temperature	  CD	  signal	  at	  around	  686	  nm,	  as	  discussed	  in	  section	   6.4.1.	   A	   sample	   having	   large	   content	   of	   CP29	   bound	   to	   the	   PSII	   core	  should	   have	   a	   strong	   686	   nm	   CD	   signal,	   but	   weak	   fluorescence	   at	   680	   nm	  (because	   bound	   CP29	   will	   transfer	   energy	   to	   the	   core).	   If	   the	   CP29	   becomes	  detached	  (which	  likely	  occurs	  gradually	  in	  solution,	  with	  the	  rate	  depending	  on	  detergent	   concentration),	   the	   686	   nm	   CD	   should	   decrease	   and	   the	   680	  nm	  fluorescence	   should	   increase.	   Emission	   of	   the	   686	   nm	   state	   can	   be	   probed	   by	  temperature-­‐dependent	  CPL	  spectroscopy.	  	  	  	  Another	   obvious	   use	   of	   the	   CPL	   method	   is	   to	   study	   the	   emission	   of	   isolated	  reaction	  centre	  (RC,	  or	  D1/D2/cyt	  b559)	  complexes.	  These	  were	  not	  measured	  in	  this	  work,	  partly	  because	  the	  reaction	  centre	  was	  considered	  highly	  unlikely	  to	  contribute	   significantly	   to	   the	   PSII	   core	   fluorescence	   spectrum;	   the	   results	  herein	   support	   that	   view.	   Unlike	   that	   of	   the	   proximal	   antennas,	   the	   CD	   of	   the	  isolated	   RC	   is	   significantly	   non-­‐conservative.184	   This	   may	   reflect	   the	   unique	  electronic	   structure	   of	   the	   photochemically-­‐active	   pigments.	   Measurement	   of	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low-­‐temperature	   CPL	   from	   isolated	   RCs,	   and	   comparison	   with	   their	   non-­‐conservative	   CD,	   may	   shed	   further	   light	   on	   the	   processes	   that	   occur	   directly	  before	  and	  after	  primary	  charge	  separation	  in	  these	  complexes.	  	  More	   broadly,	   the	   development	   of	   CPL	   methods	   that	   are	   effective	   on	   low-­‐temperature	  glasses	  opens	  many	  opportunities	   for	  studies	  of	  other	  samples.	   In	  photosynthesis,	   temperature	   dependent	   CPL	   of	   simple	   systems	   such	   as	   water	  soluble	   chlorophyll	   proteins	   may	   be	   useful	   to	   test	   fundamental	   theories	   of	  exciton	   dynamics.99	   Clearly	   the	   method	   can	   also	   be	   brought	   to	   bear	   on	   other	  pigment-­‐protein	   complexes,	   with	   numerous	   interesting	   targets	   particularly	  among	  light-­‐harvesting	  proteins.	  These	  include,	  among	  many	  others,	  the	  Fenna-­‐Matthews-­‐Olsen	  protein,83	  LHCII,187	  and	  Photosystem	  I.188	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CP43 fluorescence at 77K
 
 0.5mm slit width










































2 K absorption and CD
 
 Old sample       
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2 K absorption and CD
 
 Old Sample
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T. vulcanus fluorescence 
 
 Low excitation 



























T. vulcanus absorbance and CD:






























 Chl b absorption (650 nm)
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Appendix	  D:	  	  	  	  Chlorophyll	  Nomenclature	  Table	  	  This	   table	   gives	   the	   chlorophyll	   numbering	   given	   by	   Loll	   et	   al.	   (Protein	   Data	   Bank	   ID:	   2AXT;	  Ref.	  14	   of	   the	  main	   text),	   Guskov	   et	   al.	   (3BZ1;	   Ref.	   15)	   and	  Umena	   et	   al.	   (3ARC;	   Ref.	   16).	   The	  numbering	  of	  the	  3ARC	  structure	  was	  used	  in	  this	  work.	  	  
Description	  
Pigment	  numbering	  by	  
crystal	  structure	   	  
Axial	  Ligand	  
(3ARC	  structure)	  
	   	   2AXT	   3BZ1	   3ARC	   	   	  
CP47	   	   	   	   	   	   	  
Lumenal	  Layer	   	   	   	   	  
	   	   11	   511	   	  	  612*	   	   Water	  1027	  
	   	   12	   512	   613	   	   CP47-­‐His201	  
	   	   13	   513	   614	   	   CP47-­‐His202	  
	   	   14	   514	   615	   	   CP47-­‐His455	  
	   	   15	   515	   616	   	   CP47-­‐His100	  
	   	   16	   516	   617	   	   CP47-­‐His157	  
	   	   17	   517	   618	   	   Water	  1001	  
Stromal	  Layer	   	   	   	   	  
	   	   21	   518	   619	   	   CP47-­‐His466	  
	   	   22	   519	   620	   	   CP47-­‐His216	  
	   	   23	   520	   621	   	   Water	  1007	  
	   	   24	   521	   622	   	   CP47-­‐His469	  
	   	   25	   522	   623	   	   CP47-­‐His23	  
(inter-­‐layer)	  è	   26	   523	   624	   	   CP47-­‐His26	  
	   	   27	   524	   625	   	   CP47-­‐His9	  
	   	   28	   525	   626	   	   CP47-­‐His142	  
	   	   29	   526	   627	   	   CP47-­‐His114	  
	   	   	   	   	   	   	  
CP43	   	  	   	  	   	  	   	  	   	  	   	  	  
Lumenal	  Layer	   	   	   	   	  
	   	   33	   474	   628	   	   CP43-­‐His237	  
	   	   34	   475	   629	   	   CP43-­‐His430	  
	   	   35	   476	   630	   	   CP43-­‐His118	  
	   	   37	   477	   631	   	   Water	  1004	  
Stromal	  Layer	   	   	   	   	  
	   	   41	   478	   632	   	   CP43-­‐His441	  
	   	   42	   479	   633	   	   CP43-­‐His251	  
	   	   43	   480	   634	   	   Water	  816	  
	   	   44	   481	   635	   	   CP43-­‐His444	  
	   	   45	   482	   636	   	   CP43-­‐His53	  
(inter	  layer)	  è	   46	   483	   637	   	   CP43-­‐His56	  
	   	   47	   484	   638	   	   CP43-­‐Asn39	  
	   	   48	   485	   639	   	   CP43-­‐His164	  
	   	   49	   486	   640	   	   CP43-­‐His132	  	  *The	  orientation	  of	  Chl	  11/511/612	  changed	  somewhat	  between	  the	  different	  structures.	  
